An experimental method to observe repetitive bubble jet collapse by Liacos, Ryan
Boston University
OpenBU http://open.bu.edu
Theses & Dissertations Boston University Theses & Dissertations
2017
An experimental method to
observe repetitive bubble jet
collapse
https://hdl.handle.net/2144/23566
Boston University
BOSTON UNIVERSITY 
 
COLLEGE OF ENGINEERING 
 
 
 
 
 
Thesis 
 
 
 
 
 
AN EXPERIMENTAL METHOD TO OBSERVE 
 
REPETITIVE BUBBLE JET COLLAPSE  
 
 
 
 
by 
 
 
 
 
RYAN LIACOS 
 
B.S., University of Colorado, Boulder, 2011 
 
 
 
 
 
 
 
 
Submitted in partial fulfillment of the 
 
requirements for the degree of 
 
Master of Science 
 
2017  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© 2017 by 
 Ryan Liacos 
 All rights reserved  
Approved by 
 
 
 
 
 
 
 
 
First Reader   
 R. Glynn Holt, Ph.D. 
 Associate Professor of Mechanical Engineering 
 
 
 
 
Second Reader   
 Brian M. Walsh, Ph.D. 
 Assistant Professor of Mechanical Engineering 
 
 
 
 
Third Reader   
 Tyrone M. Porter, Ph.D. 
 Associate Professor of Mechanical Engineering 
 Associate Professor of Biomedical Engineering 
 Associate Professor of Materials Science and Engineering 
  
 
  
  iv 
DEDICATION 
I would like to dedicate this work to Ajax, the trustiest dog to have ever set paw in my 
life.  Although this world seems darker in your absence, you shall forever live on in the 
brightened hearts of the friends you have inspired.  I shall never forget the days when 
together we were partners in crime, best of friends, and riders of bicycles.   Ride on into 
eternity my faithful steed. 
 
 
  
  v 
ACKNOWLEDGMENTS 
The final draft of this paper was a long time in the making, and, for that, I would 
like to extend my sincerest gratitude to my advisor, Dr. Glynn Holt, for his unwavering 
patience and support throughout this process.  His clear guidance and staunch enthusiasm 
in the subject went a long way to ease the pains that frequently arose in a challenging 
experiment. His ability to convey new topics in a unique and enlightening way helped 
make the learning process fun, and for that I am exceptionally thankful.   
  I would also like to thank the Advance Course in Engineering program at 
General Electric, particularly administrators Ken Gould and Paul Patoulidis, for their 
sponsorship of this Master’s Degree.  The graduate level education throughout both the 
Advance Course program and at Boston University has already provided me with a 
powerful skillset that has been incredibly useful in my career.   
To my family and friends, I appreciate their support and frequent encouragement 
throughout this process.  I would like to particularly thank my brother, Jimmy Liacos, for 
his time and top-notch proofreading skills that helped to make sure my rambling prose 
eventually found its destination.    To my girlfriend, Karen, I am sorry for how little time 
we could spend together over the past few months as I finish this work, and I sincerely 
promise to make it up to you!   
Finally, I would like to acknowledge my dear friend, Paul Seebacher, who, at the 
beginning of my graduate studies, convinced me that “there is no point to getting a 
Master’s degree if you don’t write a thesis.”  
  vi 
AN EXPERIMENTAL METHOD TO OBSERVE 
 
REPETITIVE BUBBLE JET COLLAPSE  
 
RYAN LIACOS 
ABSTRACT 
 Under the proper conditions, bubbles formed near a solid surface can collapse, 
creating a high-velocity liquid jet as the bubble implodes. These jets have the potential to 
damage the surfaces on which they collapse, often after only brief exposure to cavitating 
flow.   Since cavitation damage has been observed on propellers, hydrofoils, hydro power 
machinery, and bubble chambers used in high energy nuclear particle detection, the 
concept of bubble collapse has piqued the interest of researchers across multiple 
industries.   
Most laboratory experimental attempts to create the jetting collapse rely on 
transient events, and measurements are hampered by the short time scale associated with 
the collapse, the often unpredictable position and time of the event, the small size of the 
cavity during the final stages of the collapse, and the self-destructiveness of the event. 
The purpose of this work is to develop a method to generate repetitive jet collapse and 
rebound at temporal and spatial scales that render measurement and observation easy.  
The goal is also to expand on the previously detailed experimental methods by 
identifying and tolerancing the key dependent variables to define a robust and repeatable 
procedure.   
The experimental set up uses an acrylic test chamber mounted on an 
electromagnetic shaker with variable driving frequency near 60 Hz and amplitude of up 
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to 2 mm peak.  The atmospheric pressure in the test chamber is reduced between -26 and 
-30 in.-hg with a vacuum pump to decouple shape and volume oscillations of the bubbles.  
An analog camera is positioned to record bubbles formed at the bottom surface of the 
containers, and the driving amplitude and frequency of the shaker is controlled by a 
waveform generator. 
A key outcome of this study was the identification of a region in the parameter 
space of shaker amplitude and ambient pressure where stable volumetric or ‘breathing’ 
oscillations could be maintained.  The maximum ambient pressure with observable 
breathing was 27.5 in Hg of vacuum at a range of 0.2 mm to 1.2 mm of peak vertical 
shaker amplitude.  Near -30.5 in Hg breathing was observed at smaller shaker amplitudes. 
The parameter space was bounded by the threshold for the rapid onset of clouds of 
cavitation bubbles filling large volumes of the test chamber. Repetitive jetting was 
observed within this region for a bubble approximately 3 mm in diameter, at 0.5 in Hg 
above the vapor pressure being driven at 0.3 mm amplitude at 60.1 Hz.  The jetting 
occurred near the bottom corner and the jet angle was approximately 50 degrees from the 
horizontal surface.      
 The knowledge gained from this study points the way towards achieving a more 
robust process to generate repetitive bubble collapse.  Suggestions for improvements to 
the experimental setup are presented in the concluding section.    
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GLOSSARY 
Acoustic –  
Relating to the development and propagation of sound waves.  In a fluid, this 
represents a periodic pressure oscillation about a mean pressure. 
Cavitation-  
The process of formation and subsequent activity of a vapor/gas phase in a liquid 
when it is subjected to reduced pressures at constant ambient temperature. 
Degassed Water-  
 Water in which dissolved gases from liquids have been removed. 
Gas Bubble-  
A bubble whose internal gas is primarily a different chemical composition from 
the surrounding liquid. 
Hydrodynamic-  
Relating to the motion of fluids and the forces acting on solid bodies immersed in 
fluids and in motion relative to them. 
Lithotripter-  
 A device used for fragmenting kidney stones with ultrasound waves. 
Minnaert Resonance –  
A bubble resonance condition wherein a bubble is caused to undergo oscillations 
at or near its volumetric, spherically symmetric, or “breathing” mode, where the 
restoring force is the isotropic (with respect to the bubble size scale) pressure 
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variation across the bubble wall times the surface area of the bubble. The bubble’s 
spherical shape remains intact, but its volume oscillates. 
 
Nucleation –  
The presence or formation of small vapor/gas cavities or ‘nuclei’ that may grow 
into macroscopic bubbles due to either heat addition in the case of boiling or 
reduction in pressure in the case of cavitation.    
Saturated Vapor Pressure-  
The pressure exerted by a vapor in thermodynamic equilibrium with its condensed 
phases (solid or liquid) at a given temperature in a closed system.  When the 
ambient pressure in a liquid is dropped below the vapor pressure, the system is 
capable of cavitation.  Heating the system will raise the vapor pressure above the 
atmospheric pressure to create boiling. 
Schlieren Optics-  
A visual process that is used to photograph the flow of fluids of varying density.  
It employs optical scattering resulting from variations in refractive index caused 
by density gradients in the fluid.  The most common system causes the light 
(scattered and direct) from backlit system to be incident on a convex lens – a 
beam stop is placed at the location of the focal spot (corresponding to the 0-
wavenumber scattering in the Fourier plane) and then the remaining light is 
allowed to be incident on a second converging lens which provides the image 
plane.  
  xxi 
Shape Resonance- 
A bubble resonance condition wherein a bubble is caused to undergo deformation 
oscillations of its shape about a spherical base shape, at or near any of the 
axisymmetric eigenmodal frequencies given by an expansion of the spherical 
shape in Legendre polynomials.  The restoring force is the local pressure variation 
across a small portion of the bubble wall given by surface tension times the local 
curvature of the bubble wall. The bubble often executes simultaneous volume 
oscillations.. 
Sonoluminescence – 
Broadly, light emission from sufficiently violently collapsing bubbles, often but 
not always a result of an imposed acoustic or hydrodynamic pressure.   
Stroboscope-  
An instrument for studying periodic motion or determining speeds of rotation by 
shining a momentary bright light at fixed, adjustable intervals so that a 
periodically moving object appears stationary. 
Vapor Bubble-  
A bubble in which the gas in the center is primarily composed of the vapor phase 
of the surrounding liquid.   
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Chapter One: Introduction and Motivation 
1.1 Background  
 Under the proper conditions, bubbles formed near a surface can collapse, creating 
a high-velocity liquid jet as the bubble implodes. These jets have the potential to damage 
the surfaces on which they collapse, often after only brief exposure to cavitating flow (as 
illustrated by Figure 1) (Bourne and Field, 1995). Since cavitation damage has been 
observed on propellers (Eisenberg, 1961), hydrofoils, hydro power machinery (Brennen, 
1995), and bubble chambers used in high energy nuclear particle detectors (Haines et al., 
2005), the concept of bubble collapse has piqued the interest of researchers across 
multiple industries.  Bubble resonance and jetting is also used in medicine when small 
bubbles injected into a patient are oscillated using ultrasound.  In the case of a shock 
wave lithotripter, transient bubbles created near the kidney stone surface grow and 
collapse in response to a single shock wave, which aids in the breakup of kidney stones 
(Postema, 2007).   This impressive ability for a bubble to erode through even the toughest 
materials, along with the noise created by the phenomenon, has spurred research into 
bubble collapse throughout the past century (Minnaert, 1933 and Eisenberg, 1961). 
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Figure 1: Photograph of typical cavitation damage on the blade of a mixed flow pump 
(Photo from Brennen, 1995) 
 Cavitation is a phenomenon similar to boiling, in which gas or vapor bubbles are 
created and caused to move in a liquid.  However, unlike boiling which occurs when the 
vapor pressure of a liquid rises above the ambient pressure owing to heat input, cavitation 
occurs when the ambient pressure drops below the saturated vapor pressure, either 
because of acoustic or hydrodynamic input.  Acoustic sources cause oscillatory pressure 
at specific frequencies, and can cause cavitation when the negative half-cycle of the 
acoustic pressure goes (far) below the vapor pressure.  Hydrodynamic sources, as 
Bernoulli’s equation shows, achieve low pressure via high velocity flow: 
        1.1 
where: v is the fluid flow speed at a point on a streamline, g is the acceleration due to 
gravity, z is the elevation of the point above a reference plane, opposite to the 
gravitational acceleration, p is the pressure at the chosen point, and ρ is the fluid density.  
Cavitation in engineering applications often occurs when a high-speed object, like a 
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propeller, moves relative to the fluid with sufficient velocity to induce cavitation.  Such 
machinery induced cavitation results in not one but clouds of bubbles.  Some of these 
bubbles near the surface can then implode creating a liquid jet, high pressure shock wave, 
and noise.  Figure 2 shows cavitating flow generated by a ship’s propeller.   
 
Figure 2: Cavitation bubble cloud created in the low pressure tip vortices of a 
marine propeller (Photo from U.S. Navy School of Applied Hydrodynamics) 
Such flow regimes can be characterized by the cavitation number, a dimensionless 
parameter that determines the tendency for cavitation in a flowing liquid:   
𝜎 =
(𝑝𝑑 − 𝑝𝑣)
1
2 𝜌𝑉
2
 
Where pd represents the ambient static pressure of the system, pv is the vapor pressure 
inside the cavity, V is the fluid velocity, and ρ is the fluid density.  Below a critical 
cavitation number, cavitation can occur (ASTM Standard, 2010). 
One of the first fluid dynamics descriptions of bubble collapse was published in 
1917 by Lord Rayleigh, who calculated both the liquid pressure associated with a 
collapsing spherical cavity, and the collapse time of that cavity (Rayleigh, 1917). 
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Rayleigh was responding in part to calls by the Royal Admiralty to understand the 
problem of ship propeller erosion, which limited the service life of propellers.  A strong 
link between damaged components and collapsing bubbles was observed by Kornfeld and 
Suvorov in 1944, and by many others since.  The large range of applications continues to 
generate research in the field today (Chitnis, et al., 2010 and Manzi et al., 2010). 
Early theories of the link between bubble collapse and cavitation damage 
postulated that a near-spherical collapse generates a shock wave.  However, after 
studying the instability of spherical bubbles during collapse and rebound as well as the 
magnitude of the shock generated by such collapses, Benjamin (1966) concluded that, 
“the Rayleigh theory [which predicts high pressures surrounding a spherical collapse] 
with its modern improvements probably does not tell the whole story about the essential 
factors in cavitation damage. The point we wish to emphasize is that probably any cavity 
producing a damaging effect in practice must, throughout its collapse, be so close to the 
solid boundary that very large departures from spherical symmetry are inevitable” 
(Benjamin and Ellis, 1966). This is further refined by Plesset’s calculations that “indicate 
that stresses produced by the collapse and subsequent rebound of a spherical bubble fall 
off rapidly as the distance from the bubble is increased and are too small to damage a 
solid surface unless the surface is quite close to the bubble” (Plesset, 1966). 
 Benjamin and Plesset’s assessments correctly detailed the jetting phenomenon 
shown in Figure 3, in which the boundary effect, combined with inertial forces cause a 
dramatic deviation from symmetry.   
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Figure 3: Bubble jetting near a solid boundary (from L. A. Crum, University of 
Washington, Applied Physics Laboratory). During the collapse of the bubble surface 
effects from the boundary cause instability in the spherical shape of the collapse, 
causing the bubble to take a toroidal shape. Under the proper conditions the far 
surface of the toroid collapses in a jet toward the surface.  Bubble diameter shown is 
approximately 1mm. 
More recent simulations and experiments of high energy collapses suggest that 
temperatures and pressures inside the collapsing bubbles may be in excess of 105 K and 
150GPa, respectively (Gaitan et al., 2010 and Sukovich et al., 2017). 
These high-pressure collapses have led to research in single bubble 
sonoluminescence, during which a bubble that is suspended in an acoustic field emits 
light (Gaitan et al., 1992).  In this and subsequent papers on what is termed Single Bubble 
Sonoluminescence (SBSL), the spatial scale of the light emitting region is smaller than a 
micron, and the temporal scale is of the order of 200 ns.  Very recently Sukovich et al.  
(2017) studied light emission events produced by the single transient collapse of large 
single bubbles with a maximum radius of 1–2mm.  The light emission began at radii of 
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approximately 10 µm and which last approximately 50 ns.  Such small time and spatial 
scales give an indication of the experimental difficulties encountered while trying to 
observe such events. 
 If adiabatic compression is assumed, the liquid region outside the collapsing 
bubble can generate high pressure with only a few degrees increase in temperature.   The 
region surrounding a collapsing bubble is therefore in the realm where high pressure ice 
crystallization may occur (Flynn, 1957; Hickling, 1994).  Although the time scale of a 
high-pressure collapse is not conducive to ice crystal generation, the region surrounding a 
stable oscillating bubble has been shown to aid in triggering the nucleation of ice crystals 
in certain fluids (Sanz, 2004).  This process is used in some industries today 
(Bhaskaracharya, 2009). 
 
1.2 Experimental methods for creating a jet 
Several theoretical and experimental studies have detailed the mechanics of jet 
formation, the damage caused by jets impinging on surfaces, and means of mitigating 
cavitation damage. This section will detail the experimental methods used and the results 
of bubble jetting experiments. The theoretical and computational methods for modeling 
bubble collapse will be further discussed in the theory section of this paper.  These 
experiments can be categorized by experiments that require advanced equipment and 
those that do not. Section 1.2.1 will address more complex methods of generating and 
observing bubble collapse while section 1.2.2 will discuss experiments with more modest 
equipment requirements.   
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1.2.1 Experiments requiring advanced experimental techniques 
One study reflecting the high frequency shock wave approach was executed by 
Dear et al. (1988) and later by Bourne et al. (1995).  The study used shock waves to 
asymmetrically collapse a cavity, causing bubble collapse and jetting.  The jet was 
focused on target surfaces of different materials in order to study the failure mechanisms 
and damage due to the jet impact.  High speed photography and Schlieren optics were 
used to observe the phenomenon, and some low-resolution images of a jetting bubble are 
provided.  They noted two key features of the collapse.  The first feature was the initial 
impact of the high-speed jet on the surface and the second feature was a subsequent 
strong compression wave on the rebound when the bubble reached its minimum volume.  
The distance of the cavity from the target surface impacted the key driver for damage on 
the target.  A closer cavity generated more jet-related damage while a further cavity led to 
more damage from the collapsing bubble’s pressure wave. 
Chitnis et al. (2010) also used a shock wave source to generate cavitation collapse, 
in which transient cavitation bubbles were created using a shock-wave lithotripter.  The 
experiment measured decreased cavitation damage on a target when the target surface 
was covered with a ‘bubble shield’ prior to being hit with the lithotripter wave.   High 
speed photography (100 x 106 frames per second) was used to capture the cavitation 
cloud, which lasted only between 300 and 600 µs.  The camera did not directly capture 
and individual jets due to the bubble size and camera resolution, as shown in Figure 4.  
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Figure 4: High speed photography of collapsing bubble cloud near a ceramic 
surface.  The figure on the left shows a cavitation cloud near the target surface 
without a bubble layer.  The figure on the right shows the results with a sparse 
‘bubble shield’ on the surface. (from Chitnis et al., 2010) 
 
A standard high frequency test of cavitation erosion is provided by ASTM 
International (2010) to compare cavitation erosion of solid materials.  One test apparatus 
consists of a pump that forces choked flow through a nozzle that is vibrating at high 
frequency (20 kHz). This test, however, represents only a method to compare erosion 
rates of various materials and does not provide insight into measuring or viewing bubble 
collapse.   
Another standard test primarily for material comparison uses a vibrating apparatus 
powered by acoustics.  The test apparatus uses a transducer and horn assembly over a 
liquid filled container that includes the test specimen.  This test requires a 20 +/- 0.5 kHz 
Transducer with acoustic power 250–1000 W, 100 mm depth of deionized or distilled 
water in a 600 to 1500 mL beaker, Pressure at 1 atm. +/- 6%, a displacement amplitude 
50 µm, at room temperature. (ASTM, 2010) 
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1.2.2 Experiments with basic recording techniques 
Benjamin (1966) and Crum (1978) used low atmospheric pressures, enclosed 
containers, and relatively low frequency driving forces.  Benjamin’s apparatus filled a 
9¼-inch square cross section Perspex box with 10 in of degassed water and the 
atmosphere in the box was lowered to 0.04 atm. via a vacuum pump.  The box was placed 
on vertical rails so that it was free to move in the vertical direction suspended, initially by 
an electromagnet.  A platinum electrode at the bottom of the box was used to nucleate a 
bubble with a radius of approximately 0.1 mm, at which point a heavy rod would strike 
the top of the box, sending it into free-fall.  The initial impulse load of the hit can 
generate of collapse during the free fall of the bubble with a collapse and rebound time of 
approximately 5 ms.  The collapses were observed with a cine camera and strobe timed to 
the rod impact.  Figure 5 shows a bubble collapse from this method. 
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Figure 5: Collapse of a cavity near of solid wall in the free fall experiment (From 
Benjamin et al.) 
Generally, to capture such rapid, transient events, the experimental methods 
above require mechanisms for creating and locating the bubble and advanced 
photographic equipment to capture the phenomenon, as detailed above.  To simplify the 
experimental setup of jet development Crum (1979) developed a method to study jet 
collapse with modest equipment requirements.  This experimental setup can generate 
larger bubbles that produced photographic evidence of cyclic jets.  
Crum’s experimental setup consists of a container that can sustain at least 1 atm. 
of reduced pressure.  This container is then mounted on a vibration table that can oscillate 
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at low frequencies at a displacement amplitude of a few millimeters (jetting was observed 
at 60 Hz, with a bubble diameter of approximately 1 mm).   
The container is mostly filled with water, and ambient pressure above the water 
lever is reduced to near vapor pressure of the fluid.    Crum states that it is possible to 
position a single bubble on a horizontal platform vibrating at 60 Hz with a resonant 
diameter of approximately 3 mm.  By varying ambient pressure and displacement 
amplitude at these conditions, the cyclic jetting phenomenon is observed at the same 
frequency as the driving frequency.  No quantitative measurements of pressure or 
displacement amplitude are provided.  Additionally, Crum comments that by adding 25% 
glycerol to the water increases the stability of the bubble by reducing surface oscillations. 
Crum details three photographic methods used.  The first involves illuminating 
the bubble stroboscopically using a sampling frequency near that of the driving frequency 
so that jet development is optically “slowed”.  The camera and strobe were synchronized 
for a strobe flash of 0.8 µs.   The second method involves tuning the strobe to optically 
freeze the jet during a given stage of development.  Finally, the jet was also recorded with 
a 5000 frames/s high speed camera.  
1.2.3 Purpose statement 
With Benjamin and Crum’s experiments aside, most experimental attempts to 
create the jetting collapse rely on transient events, and measurements are hampered by 
the short time scale associated with the collapse, the unpredictable position and time of 
the event, the small size of the cavity during the final stages of the collapse, and the self-
destructiveness of the event. The purpose of this work is to develop a method to 
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generate repetitive jet collapse and rebound at temporal and spatial scales that enables 
reliable and predictable measurement and observation.  Our approach will be to expand 
on the previously detailed experimental methods by identifying and tolerancing the key 
dependent variables to define a robust and repeatable procedure. 
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Chapter Two:  Theory 
 
This chapter describes some of the relevant theory required that is applicable to 
this experiment.  It begins by detailing the formation and physical characteristics of 
bubbles, along with some of the key physical properties that govern bubble behavior.  It 
then details the behavior of a spherical bubble including the dynamics during normal 
condition, during resonance, and during spherical collapse, as first defined by Lord 
Rayleigh.  Next, asymmetric bubble collapse theory along with numerical simulations of 
jetting are overviewed.  Finally, the practical theory relevant to generating and observing 
a repetitive bubble collapse is discussed.  
 
2.1 Bubble formation and characteristics 
Although bubble formation is inherently stochastic, or random, both gas and 
vapor bubbles form in a liquid under the proper conditions.  Vapor bubbles nucleate 
when a small cavity forms in a fluid due to the relative motion of liquid molecules or due 
to pre-existing contaminants or imperfections at a solid boundary, or due to energy 
deposition (ionizing radiation, dielectric breakdown, for example) in the liquid.  As an 
idealized introduction to the topic, we consider the energetics of cavity generation in a 
perfect fluid.  The tensile strength between molecules in a liquid is defined by the 
potential energy required to separate molecules, φ, by a distance x.   The force associated 
with the distance is therefore defined as 
∂ϕ
∂x
.  In a bulk liquid or solid this can be 
characterized by a volumetric expansion ΔV/V (Blake, 1949; Frenkel, 1955).   Bulk solids 
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and liquids theoretically require a substantial tension in order to overcome the attractive 
force between molecules, which is defined as a pressure in equation 2.1.   
𝑝 =  −𝑘
Δ𝑉
𝑉
                       (2.1) 
Equation 2.1 shows that pressure, p, is equal to the product of Boltzmann’s Constant, k¸ 
and the volumetric expansion.  For water, for example, the theoretical tensile pressure 
required to create a cavity (often referred to as simply the ‘tensile strength’ of a liquid)  is 
of the order of 103 atm.  In experiments, however, impurities have been known to 
decrease it by a factor of as much as 100 (Brennen, 1995), although Briggs managed to 
achieve nearly 300 atm for the tensile strength. 
As described in the previous chapter, there are two thermodynamic mechanisms 
that can cause a liquid to form bubbles, although these must be viewed as necessary but 
not sufficient conditions, the presence of nuclei also being required to achieve cavitation 
under normal circumstances.  The first is when the pressure, p, is dropped at a constant 
temperature below the saturated vapor pressure, pV, with a tension of ΔP = (pV - p).  The 
second is boiling, where the temperature, T, is increased at a constant pressure until it 
approaches the saturation temperature of the liquid, Ts. The relationship between this 
increase in temperature and the tension, ΔP, of the liquid is characterized by the 
Clausius–Clapeyron relation, equation 2.2.  L is the latent heat of vaporization of the 
liquid, vv is the specific volume of saturated vapor, and vL is the specific volume of 
saturated liquid.   
  
Δ𝑃
Δ𝑇
=
𝐿
𝑇 (𝑣𝑣−𝑣𝐿)
               (2.2) 
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We may classify nucleation as either homogenous or heterogeneous.  
Homogeneous nucleation theoretically occurs in a pure liquid when external tension 
overcomes the intermolecular attraction of particles, (represented in a liquid with an 
interface as surface tension, S,) to generate a void.  This void with a radius, R, is then 
expanded when the liquid pressure, P, is reduced.  Equation 2.3 shows mechanical force 
balance for an expanding bubble. 
𝑃𝐵 − 𝑃 =
2𝑆
𝑅
       (2.3) 
When P drops below the pressure inside the bubble¸ PB, at uniform temperature, the 
bubble will expand.  In homogeneous nucleation theory, there is a critical radius Rc 
corresponding to a critical tensile pressure ΔPc great enough to overcome the LaPlace 
pressure 2S/R caused by surface tension.  The energy required to produce such a void, 
wcR (2.4), and the ratio of this energy to the energy of the molecules, kT, is highlighted by 
the Gibbs number (2.5)  (Brennan, 1995; Gibbs, 1961). 
𝑊𝐶𝑅 = 4𝜋𝑅𝑐
2𝑆 −
4
3
𝜋𝑅𝐶
3Δ𝑃𝑐 =
4
3
𝜋𝑅𝑐
2𝑆                      2.4 
 𝐺𝑏 =
𝑊𝑐𝑟
𝑘𝑇
           2.5 
where k is the Boltzmann constant.  A given Gibb’s number will correspond to a certain 
probability of nucleation for a given volume and time.  Homogenous nucleation rarely 
occurs in experimental or engineering situations due to the highly controlled conditions 
required.    
 In heterogeneous nucleation, impurities are the source of cavities.  These 
impurities are often considered to be passive and static in nature, such as voids and 
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imperfections in a surface, or particulates in the liquid possessing crevices, and the 
presence of a gas phase (however small) in these imperfections.   Diagrams illustrating 
passive heterogeneous nucleation are shown in Figure 6. 
 
 
Figure 6: Bubble nucleation near a solid surface.  (From Brennen, 1995) 
The intersecting angle of the wall surface and the bubble are denoted by θ.  For 
Case A, a bubble on a flat hydrophobic surface, the tensile strength is defined as 2S 
sinθ/R where R is the typical maximum dimension of the void.  A hydrophilic surface, 
Case B, on the other hand, represents (in the absence of artificially introduced 
microbubbles) tensile strength similar to that of homogenous nucleation, which suggests 
that hydrophobic surfaces decrease the likelihood of nucleation. Case C represents an 
uneven surface geometry, with a cavity angle designated by α.  When θ = α + π/2 the 
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liquid has zero tensile strength.  As θ increases the bubble will grow.  This concept 
suggests that the surface geometry of the container contains distinct nucleation cites 
where bubbles are more likely to form.   
 
2.2 Dynamics of a spherical bubble 
This section will describe the equation of motion for a bubble with a time varying radius, 
first developed by Rayleigh in 1917.  The Rayleigh-Plesset equation (Plesset, 1949) 
considers a spherical bubble immersed in an infinite liquid with time- varying pressure, 
P∞(t), and constant temperature, T∞, in the far-field, as diagramed in Figure 7 
 
Figure 7: Diagram of a spherical bubble oscillating in an infinite liquid 
 
The mass of a spherical shell of liquid at a radial location, r, outside the bubble is 
𝜌 ∗ 4𝜋𝑟2𝑑𝑟       2.7 
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 Where R is the bubble radius as defined in Figure 7.  Assuming that the liquid is 
incompressible and that mass is conserved, this is equal to the mass of a spherical shell of 
liquid just outside the bubble wall,  
4𝜌𝜋𝑅2𝑑𝑅         2.8 
We may divide both sides by an incremental time, dt, and identify dr/dt as the fluid 
velocity u, and dR/dt as ?̇?, the velocity of the bubble wall.  Rearranging this equation 
yields Eq. 2.9.   
 𝑢(𝑅, 𝑡) =
𝑅2𝑑𝑅
𝑟2𝑑𝑡
                         2.9 
 
Conservation of momentum is then applied through incompressible Navier-Stokes in 
spherical coordinates, assuming the flow will be spherically symmetric and the velocity is 
a function of the radial coordinate, r, only.   
𝜌𝐿 (
𝜕𝑢
𝜕𝑡
+ 𝑢
𝜕𝑢
𝜕𝑟
) =  −
𝜕𝑝
𝜕𝑟
       2.10 
Where r defines a vector to a point in the liquid outside the bubble, ρL is the liquid 
density, and p is the pressure is the pressure at location r, as shown in Figure 7.  
Substituing u(r,t) from equation 2.9 into 20.10 and integrating from r =R to r -> ∞ yields 
−
1
𝜌𝐿
∫ 𝑑𝑝
𝑃∞
𝑃(𝑅)
= ∫ [
1
𝑟2
(2𝑅 (
𝑑𝑅
𝑑𝑡
)
2
+ 𝑅2
𝑑2𝑅
𝑑𝑡
) −
2𝑅4
𝑟5
(
𝑑𝑅
𝑑𝑡
)
2
] 𝑑𝑟 
∞
𝑅
        2.11 
𝑝(𝑟)−𝑃∞
𝜌𝐿
= 𝑅
𝑑2𝑅
𝑑𝑡𝑡
+
3
2
(
𝑑𝑅
𝑑𝑡
)
2
             2.12 
Next, at the bubble wall apply the viscous stress boundary condition in which the stress in 
the liquid, σrr, points radially out from the bubble’s center. 
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𝜎𝑟𝑟 =  −𝑝 + 2𝜇𝐿
𝑑𝑢
𝑑𝑟
                2.13 
With μL is the viscosity of the liquid.  The net force per unit area is then 
𝑃𝐵 − (𝑃)𝑟=𝑅 −
4𝜇𝐿
𝑅
𝑑𝑅
𝑑𝑡
−
2𝑆
𝑅
                                              2.14 
Setting the net force equal to zero produces the Rayleigh-Plesset equation: 
𝑃𝐵−𝑃∞(𝑡)
𝜌𝐿
= 𝑅
𝑑2𝑅
𝑑𝑡
+
3
2
(
𝑑𝑅
𝑑𝑡
)
2
+
4𝜇𝐿
𝜌𝐿𝑅
𝑑𝑅
𝑑𝑡
+
2𝑆
𝜌𝐿𝑅
                          2.15 
In dot form to represent time derivatives and substitung kinematic viscosity, νL, it 
becomes 
𝑃𝑏(𝑡)−𝑃∞(𝑡)
𝜌𝐿
= 𝑅?̈? +
3
2
(𝑅)̇2 +
4𝜇𝐿?̇?
𝜌𝐿𝑅
+
2𝑆
𝜌𝐿𝑅
                       2.16 
Prosperetti (2004) expands on this derivation to allow for different spatial dimensions, n, 
in the collapse (n=3 denoting the equation above).  Neglecting viscous and surface 
tension terms he defines bubble motion with the equation below:  
?̇?2 =
2
𝑛
̇ 𝑃𝑏(𝑡)−𝑃∞(𝑡)
𝜌𝐿
+ (
𝑅𝑖
𝑅
)
𝑛
[𝑅𝑖2 −
2
𝑛
𝑃𝑏(𝑡)−𝑃∞(𝑡)
𝜌𝐿
]  
̇
     2.17 
Where i represents initial values.  In the event of collapse due to increased ambient 
pressure, P∞(t), assuming the liquid is cold enough to eliminate latent heat effects, the 
pressure of the vapor inside the bubble is equal to the saturation vaport pressure at T∞.  If 
the ambient pressure is decreased and the bubble expands, the vapor pressure overcomes 
the partial pressure of the gas as the dominant internal pressure.  During collapse, Pb  < 
P∞, when Ri = 0  
?̇? ≅  − √
2
𝑁
𝑃𝑏(𝑡)−𝑃∞(𝑡)
𝜌𝐿
(
𝑅𝑖
𝑅
)
𝑁
    2.18 
  
20 
This represents a mathmetical singularity, during which in practice the vapor fails to 
condense quickly enough to respond to the decrease in bubble radius, resulting in the 
possible fragmentation of the bubble.  The decreasing bubble radius corresponds to a 
rapid increase in gas pressure that is proportional to 𝑅−𝑁𝛾.  Before the internal pressure, 
Pb, increases enough to cause the bubble to re-expand or instabilities destroy the bubble, 
compressive heating of the internal gas allows for the effects of sololuminescence and 
sonochemisty.  The shock wave generated in the liquid upon bubble collapse is a major 
contributor to cavitation noise (Prosperetti, 2004).  Despite the assumptions required to 
derive the equation for bubble collapes, experimental results show that “its solutions are 
quite accurate even in the case of significant inertially driven spatial inhomogeneity in 
the pressure field” (Lin, 2002). 
 Bubbles may oscillate in a volumetric, spherically symmetric or “breathing” 
mode, where the restoring force is the isotropic (with respect to the bubble size scale) 
pressure variation across the bubble wall times the surface area of the bubble.  The 
natural frequency of this mode is given below in eq (2.19).  By contrast, they may also 
oscillate in volume-preserving spatial distortion or “shape” modes, wherein a bubble is 
caused to undergo deformation oscillations of its shape about a spherical base shape, at or 
near any of the axisymmetric eigenmodal frequencies given by an expansion of the 
spherical shape in Legendre polynomials as shown below beginning with eq. (2.20).  The 
restoring force for shape oscillations is the local pressure variation across a small portion 
of the bubble wall given by surface tension times the local curvature of the bubble wall.  
During volumetric resonance, the bubble’s spherical shape remains intact, but its volume 
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oscillates, creating the ‘breathing mode.’  During shape resonance, the bubble’s shape 
oscillates according to the different nodal diameter of the resonance.  One key aspect of 
this experiement is to isolate the breathing mode, which leads to bubble jetting, from the 
shape modes, which do not typically result in a ‘whole bubble’ organized jet (Enriquez et 
al., 2012).   
Minnaert (1933) analyzed the natural frequency of a spherical bubble undergoing 
volumetric resonance.  Neglecting surface tension and viscosity, the resonant frequency 
of a spherical bubble in a breathing mode is defined by  
 𝑓0 =
1
2𝜋𝑅0
√
3𝛾𝑃∞
𝜌𝐿
     2.19 
Where R0 represents the bubble equilibrium radius, 𝛾 is the specific heat ratio of the gas, 
P∞ is the ambient pressure and ρL is the density of the liquid.   Minnaert shows that a 
bubble of 1mm in radius in water has a resonance frequency of approximately 3.3 kHz.  It 
should be noted that accounting for the surface tension, S, of the bubble effectively 
increases the ambient pressure on the order of 2S/R0.  
 Prosperetti (1980) completed an eigenvalue/ eigenvector analysis to define the 
regime of small amplitude shape oscillations in viscous liquids.   The linearized study 
neglects external forces, boundary effects, interaction with other bubbles, and relative 
motion of the bubble to the host liquid.  Prosperetti’s analysis identifies the natural 
frequency of bubble shape oscillations in a liquid host as    
𝑓 =
1
2𝜋𝑅0
√
(𝑛−1)(𝑛+1)(𝑛+2)𝑆
𝜌𝐿𝑅0
    2.20 
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Vejrazka et al. (2014), used a small capillary and vibrating apparatus to recreate the first 
four shape modes of a bubble extruded from a capillary tube. 
 n=1 n=2 n=3 n=4 
 
Figure 8: 1mm bubbles undergoing the first four shape oscillation eigenmodes, N.  
(Photo from Vejrazka et al., 2014.) 
Vejrazka further details the shape of an oscillating drop with a similar equation to  
𝑟(𝜃, 𝑡) = 𝑅 + ∑ 𝑏𝑛(𝑡)𝑃𝑛(cos 𝜃)
∞
𝑛=0         2.21 
“where Pn is a Legendre polynomial of degree n and R is the radius of a non-deformed 
bubble.  The coefficients bn(t) describe the actual bubble shape...  Note that b0 describes 
volumetric changes of the bubble or drop, displacements of its center-of-mass, b2 
deformations in an ellipsoid-like form, and higher bn's deformations in a shape with n 
lobes.”  θ represents the angle from vertical, parallel to the capillary in Figure 9. 
 
Figure 9:  Diagram of bubble oscillatory modes.  The un-deformed radius is 
represented by a dotted line.  (From Vejrazka et al., 2014.) 
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One key distinction between breathing modes, equation 2.19, and shape modes, equation 
2.20, is the impact of the ambient pressure on the bubble’s natural frequency.  Since the 
breathing mode is dependent on ambient pressure and shape modes are not, this allows 
for an experimental lever to shift the bubble’s resonant behavior.   
For reasons elucidated in the next section, we desire to minimize any surface 
oscillations during a breathing mode – put another way, we wish to decouple shape from 
breathing modes by making their eigenfrequencies markedly different.  In addition, for 
practical reasons, we wish to work with the largest bubbles possible and at the longest 
time scales and lowest frequencies possible.  These constraints lead us to seek the largest 
possible bubble with breathing mode frequency lower than the cutoff frequency for the 
lowest eigenmode shape oscillation, n = 2. 
Figure 10 shows the dependence of shape and breathing modes on bubble size, 
frequency, and ambient pressure, from equations 2.19 and 2.20, with only the first four 
modes n = 1,2,3,4 shown for clarity.  The study suggests that by reducing the ambient 
pressure in the air above the water, it is possible to excite breathing modes without 
encountering shape oscillations for 1 mm bubbles at manageable frequencies of slightly 
less than 100 Hz.    
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Figure 10: Resonant radii vs driving frequency for breathing mode (black) and 
shape modes (red) for an air bubble in water.  Static pressure in Pa.  The star 
denotes the approximate size and driving frequency reported in Crum, (1979) at a 
static pressure “near the vapor pressure” of the liquid. 
Figure 10 highlights that previous experiments by Crum (1979) achieved repetitive 
bubble jetting by utilizing an experimental space in which volumetric resonance occurs at 
a smaller radius than shape resonance for a given driving frequency.   
2.3 Bubble collapse and liquid jet development 
The previous section introduced the spherically symmetric breathing mode 
dynamics via the Rayleigh-Plesset equation 2.16 and describes shape modal oscillations 
without giving a dynamic equation for their time-dependent amplitude.  While it is 
possible to directly force such shape oscillations with a modulated radiation pressure 
technique (Trinh et al., 1998), such shape oscillations naturally arise as a dynamic 
instability of the normally spherically symmetric breathing mode.  This well-studied 
Direction of 
decreasing 
pressure 
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instability (Plesset, 1954, Eller and Crum 1970, Holt and Gaitan, 1996, Holt and Trinh, 
1996) is straightforwardly obtained in mathematical form by simply substituting the 
expression for the non-spherical bubble surface, eq. (2.21) for the variable R in the 
Rayleigh-Plesset equation 2.16.  Neglecting thermal effects and the inertia of the gas in 
the bubble, the result is a set of n 2nd-order ordinary differential equations for the time-
dependence of the amplitude bn(t) for each shape eigenmode n. 
𝑑2𝑏𝑛(𝑡)
𝑑𝑡2
+
3
𝑅
𝑑𝑅
𝑑𝑡
𝑑𝑏𝑛(𝑡)
𝑑𝑡
− [
𝑛−1
𝑅
𝑑2𝑅
𝑑𝑡2
− (𝑛 − 1)(𝑛 + 1)(𝑛 + 2)
𝑆
𝜌𝐿𝑅3
] 𝑏𝑛(𝑡) = 0   2.22 
For the spherical harmonic distortion mode n (n>1) from eq. 2.21 above. These equations 
contain time-dependent coefficients for the velocity and amplitude terms that are 
obtained from the simultaneous solution of the spherical dynamics for R(t) in eq. 2.16.   
 Review of equation 2.22 shows that a bubble is most unstable just prior to its rebound 
when dR/dt<0 and 𝑑2𝑅/𝑑𝑡2≥ 0.  A growing bubble is most stable near its maximum 
radius when dR/dt>0 and 𝑑2𝑅/𝑑𝑡2< 0.   These equations predict two rather famous 
instabilities: The Faraday instability and the Rayleigh-Taylor (RT) instability that had 
been previously studied on planar interfaces (Faraday, 1831, Rayleigh, 1883). 
The Faraday instability is a resonant coupling of one (sometimes more) of the 
shape modes to the volume breathing mode frequency:  when the nth shape mode 
frequency is roughly ½ the volume mode frequency (or just forced volume frequency if 
not resonant) and a threshold volume oscillation amplitude is achieved, eigenmodal shape 
oscillations can occur at finite amplitude.  On the other hand, the Rayleigh-Taylor 
instability achieves a finite (and often destructive) amplitude when both its strength 
(which is the magnitude of the deceleration of the collapsing bubble wall 𝑑2𝑅/𝑑𝑡2 < 0), 
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is sufficient, and there is sufficient time for perturbations from sphericity to grow to 
macroscopic size.  True Rayleigh-Taylor instability in a bubble (that is, a bubble far from 
any asymmetric boundaries or flows) leads to one (or more) re-entrant jets during the 
volumetric collapse that often pierce the far bubble wall.  This RT instability has been 
often inferred from other evidence (Gaitan and Holt, 1999), but only rather recently 
definitively observed (Sukovich, et al. 2017).   
However, there exists a separate and far more common mechanism to cause 
bubbles to collapse asymmetrically in a fashion that leads to a re-entrant jet:  the presence 
of either density or flow boundaries, and these boundaries can be static (walls) or 
dynamic (thin shock waves), or even asymmetric static or dynamic force fields (gravity, 
magnetic or electric) Benjamin (1966).  Other dynamic instabilities have been observed 
near a free surface, where the jet directs away from the free surface (Blake, 1997).   
  Benjamin (1966) describes the case where a bubble moving through an infinite 
liquid under a uniform pressure or force field accelerates.  As the bubble’s radius 
decreases, the bubble cannot remain spherical because the hydrodynamic pressure on the 
moving sphere in not isotropic.  This causes the bubble to flatten in the direction of 
motion.   As the radius approaches zero during the collapse, the problem approaches a 
limit with infinite translational velocity.  To account for this discontinuity, while 
maintaining conservation of momentum, the bubble must deform in shape in a way to 
make the liquid ‘multiply connected’ by forming a hollow vortex ring.  This generates 
circulation in the flow leading to the bubble forming a toroidal shape.  Benjamin 
summarizes, “that when the impulse is too large to be manifested by translational 
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movement in approximately spherical form, the cavity tends to form a torus because the 
vortex ring evolved is the only flow capable of manifesting the impulse for indefinitely 
long under the handicap of the reduced volume displacement available.” 
 In the case of the solid boundary, the boundary restricts the flow in the normal 
direction on one side of the bubble during its collapse.   This effect leads to flattening and 
the toroidal shape formed by the bubble, which may lead to the formation of a jet.  This 
behavior is illustrated by Figure 11, which shows high speed camera footage of the stages 
of transient collapse and jetting near a rigid boundary of a laser-created bubble just before 
frame 1.   
 
Figure 11: Photos of a collapsing bubble and microjet near a solid surface.  Interval 
between frames at 10 µs, frame width 1.4mm.  From Tomita and Shima (1990) 
In Frame 1 in Figure 11 the bubble is near its maximum radius prior to collapse.  As the 
radius decreases near the surface the bubble deviates further from spherical, and a vortex 
ring forms around the re-entrant jet.  The bubble shape then becomes toroidal with the 
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liquid impinging on the wall by frame 11.  According to Brennen (1995) “when a bubble 
in a quiescent fluid collapses near a wall, the reentrant jets reach high speeds quite early 
in the collapse process and long before the volume reaches a size at which, for example, 
liquid compressibility becomes important.”  The velocity of the jet as it approaches the 
opposite surface of the bubble, Uj, may be approximated by: 
𝑈𝑗 =  𝜉 (
Δ𝑝
𝜌𝐿
)
1
2
                 2.23 
Where 𝜉 is a constant generally obtained through numerical simulation and ΔP is the 
pressure difference between the remote pressure at which the bubble is stable at its 
equilibrium radius and the remote pressure that occurs during the collapse.  This 
approximation, however, does not account for observed jet velocities that travel faster 
than the spherical bubble wall, such as the jet shown in Figure 11. 
Various computational methods to model the jetting phenomenon have been 
developed over the past half century.  A brief sample of the multiple numerical solutions 
will be summarized.  Hickling and Plesset (1973) tested the impact of liquid 
compressibility during the spherical collapse of a bubble.  The analysis utilized the 
compressible characteristic Euler equations and the Legrangian form of the equations 
throughout the spherical collapse, rebound, and subsequent compression wave formed.  
They determined that the peak pressure wave, generated at the minimum volume during 
bubble rebound, had sufficient magnitude to contribute to cavitation damage.  Plesset and 
Chapman (1970) investigated two instances of asymmetric vapor bubble collapse.  One 
analysis modeled a vapor bubble attached to a solid boundary and the other modeled a 
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bubble at an initial distance equal to ½ of its radius from the wall.  The study did not 
account for compressibility or viscous effects in the liquid.   Surface tension is neglected 
and the ambient pressure and vapor pressure are constant with time.  The solution steps 
through the velocity potential of the bubble during its collapse, accurately modeling the 
bubble’s elongation and toroidal shape, as shown in Figure 12. 
  
Figure 12: Simulation of vapor cavity collapse of a bubble initially on a solid 
boundary (Left) and have its radius from a wall (right).  Figure from Plesset and 
Chapman (1970). 
 
Plesset and Chapmen’s simulation detailed that the surface acts to restrict the 
radial motion of the bubble near the wall, causing it to flatten and move towards its image 
in the wall due to the primary Bjerknes force.  The authors were able to simulate jet 
development and calculated speeds of 130 m/s in the bubble attached to the wall and 170 
m/s in the bubble detached form the surface.  Although later computations and 
experiments have recorded much faster jet velocities, the simulation was restricted by the 
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lack of liquid compressibility in the model.  However, their conclusion that the jet 
velocity was high enough to create damage to the wall remains valid.   
 As computation power increased since these early simulations, more advanced 
methods have been considered.  Blake et al. (1997) used boundary integral methods to 
simulate the velocity potential of bubbles of nearing collapse under a range of conditions 
with both axisymmetric and three-dimensional modeling.  Conditions of a bubble near a 
wall and a free surface are calculated in addition to a bubble in forward stagnation point 
flow and under a Kelvin impulse, which was identified by Benjamin (1966) to better 
describe the understanding of bubble migration and jet direction.    Blake et al. found that 
“when there is no axis of symmetry, fully three-dimensional computations show that the 
buoyancy force can cause the jet to move parallel to a vertical rigid boundary, thus 
negating its damaging effect” for large enough cavities.   
 
2.4 Experimentally applied theory 
 Some additional concepts are required to understand the bubble’s interaction with 
the physical experimental setup.    This section will address these key principles that 
relate to this experiment in order to clarify any relevant parameters.  The first item of 
consideration is the force balance of a bubble attached to the lower surface of a container.  
A free body diagram for a spherical bubble with no free stream liquid flow is shown in 
Figure 13.   
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Figure 13: Free body diagram of a bubble attached to a surface.  Figure adapted 
from Gupta et al. 2016 
The net force, Fnet, on the bubble is calculated by summing the upward and 
downward forces in Figure 13.   
𝐹𝑛𝑒𝑡 = 𝐹𝐵 + 𝐹𝑆𝐿 + 𝐹𝑃 − 𝐹𝑠 + 𝐹𝐷          2.24 
The upward forces on the bubble are buoyancy, shear lift, and pressure forces.  The net 
buoyancy force, accounting for gravity on the bubble, was defined by Archimedes as 
𝐹𝐵 =
4
3
𝜋𝑅3(𝜌𝐿 − 𝜌𝐺)𝑔               2.25 
The shear lift force, FSL, accounts for velocity differential between the bubble’s center 
and the surrounding liquid, which is represented by 
 𝐹𝑆𝐿 =
1
2
𝐶𝐿𝜌𝐿Δ𝑈
2𝜋𝑅2                      2.26 
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Where Δ𝑈 represents the velocity differential and CL is a lift coefficient represented by 
 𝐶𝐿 = 3.877𝐺𝑆
1
2 [𝑅𝑒
−2 + 0.344𝐺𝑆
2]
1
4                 2.27 
where  
   𝐺𝑆 =  |
𝐷𝑈
𝑑𝑦
|
𝑅
𝑈
   and 𝑅𝑒 =
Δ𝑈𝑑0
𝜈𝐿
       2.28, 2.29 
νL represents the liquid’s kinematic viscocity, µL/ ρL, and d0 is bubble diameter  (Gupta et 
al., 2016). 
The pressure force, FP, is the result of a pressure acting on the solid surface rather 
than on the bubble-liquid interface.  It is defined by 
𝐹𝑃 =
𝜋𝑑𝑊
2
4
2𝑆
𝑅𝑟
                        2.30 
where dw is the bubble-surface contact diameter and Rr is the radius of curvature of the 
bubble.  For any vapor bubble, this curvature can be accounted by considering a point on 
the contact surface. The value of the curvature radius is approximately five times the 
radius of the bubble, Rr ~ 5R (Gupta et al., 2016).   
 The drag force acts against the direction of motion of the bubble and can be 
approximated by  
𝐹𝑑 =
1
2
𝐶𝐷𝜌𝐿Δ𝑈
2𝜋𝑅2                                       2.31 
where  
𝐶𝐷 =
24
𝑅𝑒
(1 +
3
8
𝑅𝑒)             2.32 
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Finally, the surface tension force, which acts on the contact circule between the bubble 
and the surface is represented with 
 𝐹𝑠 =  −𝑑𝑤𝑆
𝜋
𝛼−β
[cos 𝛽 − cos 𝛼]              2.33 
Where α and β are the advancing and receding contact angles (Gupta et al., 2016). 
For a bubble in static equllibrium on the surface, ΔU = 0, the drag and shear lift forces 
are eliminated, reducing equation 2.24 to 
𝐹𝑛𝑒𝑡 = 𝐹𝐵 + 𝐹𝑃 − 𝐹𝑠               2.34 
highlighting that the shear contact between the bubble and the wall are holding it in place.   
For this project’s experiemental setup, which uses vapor bubbles in a water-
glycerol solution, this suggests that the bubble radius, the surface tension of the water, 
and the bulk viscosity of the water are the only experimental parameters that can 
potentially be adjusted to keep the bubble attached to the bottom surface.  Examining 
equation 2.34 also shows that increasing the bubble’s radius will increase the upward 
force on the system until a critical radius, causing the bubble to detach.  This is due to the 
cubic dependence on R in the bouyancy force, opposed to the linear contact diameter 
dependence in the surface tension force.    Increasing the surface tension of the water can 
increase the contact force on the lower wall, but this will change the frequency of shape 
oscillations as demonstrated in equation 2.20.  Increasing the bulk viscoity increases the 
drag force on the bubble, which causes it to resist upward motion.   
 Next we will consider a bubble oscillating near a surface, shown in Figure 14. 
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Figure 14: Free body diagram of a bubble oscillating near a surface 
For a static bubble suspended in a quiescent liquid the net force on the system is reduced 
to only the buoyant force; therefore, the bubble must be neutrally buoyant to remain in 
place.  However, in the presence of an acoustic field, such as an oscillating bubble 
moving according to the Rayleigh-Plesset equation, equation 2.16, an additional force 
arises.  Bjerknes (1906) defined a force, FBJ, for “any body which participates in the 
translatory motion of a fluid is subject to a ‘kinetic buoyance’ equal to the product of the 
acceleration of the translator motion, ?̇?, multiplied by the mass of the water displaced by 
the body, m.”   
𝐹𝐵𝐽 = 𝑚?̇?     2.35 
Defining 𝑚 = 𝜌𝑉(𝑡) and 𝜌?̇? =  −∇𝑃 per Euler’s equation yields.   
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𝐹𝐵𝐽 =  〈−𝑉(𝑡)∇𝑃(𝑟, 𝑡)〉          2.36 
In the case of a bubble near a rigid wall, the Bjerknes force attracts the bubble toward the 
boundary.  It is straightforward to show that for linear oscillations the (time averaged) 
force is  
 𝐹𝐵𝐽 = 𝑑 ∇𝑃 cos (𝛼)     2.37 
where d is a positive constant and α is phase lag of the bubble with respect to pressure.  A 
1 mm bubble has resonance near that of equation 2.19 (surface effects can potentially 
reduce this value).  The experiment is lowering this resonant frequency by lowering the 
system’s pressure and driving at near 60 Hz.  If we assume that the bubbles are driven 
near resonance, they are always being driven below the bubble resonance frequency.  
Then α is probably near zero or at any rate less than 90 degrees, thus the cosα term is 
positive and non-zero.  Thus, FBJ must point in the direction of the pressure gradient, 
towards the maximum.  The solid wall will represent a local acoustic pressure maximum, 
thus FBJ acting on the bubble points towards the wall. There may also exist a near field 
hydrodynamic Bernoulli suction pressure that is owing to the extra liquid velocity 
induced near the boundary, and this would attract even non-oscillating bubbles to the 
oscillating boundary.   
For this case of an oscillating bubble, the net force on the bubble then becomes  
𝐹𝑛𝑒𝑡 = 𝐹𝐵 + 𝐹𝑆𝐿 + 𝐹𝐷 + 𝐹𝐵𝐽             2.38 
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The experimental impact of equation 2.38 is that in order to keep bubble near the bottom 
surface of the container, the bubble must be forced at sufficient amplitude in order to 
remain close to the surface.   
 The final consideration of this chapter is the sampling rate of the camera 
compared to the frequency of the system.  The bubble radius is modeled as a simple 
harmonic oscillator with 
𝑅(𝑡) = 𝑅0 −  𝜁cos (𝜔𝑡 + 𝛼)       2.39 
where ζ represents the amplitude of radial variation, α is the phase lag, t is time, and ω is 
the angular frequency of the system which is controlled to be near 60 Hz.  This driving 
frequency is below but near 
1
𝑅0
√
3𝛾𝑃∞
𝜌𝐿
  for the largest bubbles.  Figure 15 displays the 
observed motion of the bubble in the camera compared to the actual radius versus time. 
 
Figure 15: Actual bubble radius (solid line) compared to bubble radius observed by 
the 30 Hz analog camera (dashed line) for a 1mm diameter bubble, oscillating at 
50% of its radius at a driving frequency of 60.2 Hz. 
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As shown in Figure 15, driving the bubble at near 60 Hz creates an artificial 
strobing effect that allows for observation of the bubbles full range of motion without 
requiring high speed photography, so long as the bubble’s motion is perfectly periodic.  
The period of the observed bubble, TObserved, can be related to the actual bubble motion by 
𝑇𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 =  
1
|𝑓𝑏𝑢𝑏𝑏𝑙𝑒−𝑗∗𝑓𝑐𝑎𝑚𝑒𝑟𝑎|
      2.40 
  Where fbubble, is the actual harmonic frequency of the bubble, fcamera, is the camera 
sampling frequency, and j represents the quotient of fbubble/ fcamera discounting the 
remainder.  For example, a 60.2 Hz bubble with a sampling frequency of 30 Hz yields, j= 
2 and Tobserved = 5 seconds.  This stroboscopic sampling method allows for the 
experimenter to view the full range of bubble motion over a time scale that can be 
processed by the human eye, thereby rendering jet observation easy if the jetting itself is 
also periodic, that is, if the jet does not destroy the bubble.    
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Chapter Three:  Experimental Methods 
 
3.1 Experimental apparatus 
Several iterations of the experimental apparatus were explored.  The final experimental 
setup is shown in Figure 16 and Figure 17.  The equipment list is detailed in Table 1.  
Details of previous setups are listed in Appendix I:  Initial experimental setup.    
 
Figure 16: Experimental schematic 
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Figure 17 Photograph and diagram of the experimental setup 
Figure 17 shows an acrylic test chamber mounted on an electromagnetic shaker with 
variable driving frequency and amplitude.  The atmospheric pressure in the acrylic box is 
controlled with a vacuum pump and a vacuum gauge.  An analog camera with a frame 
rate of approximate 30 Hz is positioned to record bubbles formed at the bottom surface of 
the containers.  The driving amplitude and frequency of the shaker table is controlled by a 
waveform generator and power amplifier.   The data collection setup for this system is 
shown in Figure 18. 
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Figure 18 Data collection setup 
Figure 18 shows the shaker table amplifier, the camera power control, and analog 
monitor used display the results.  Not shown is an analog-to-digital converter that 
converts the camera output and stores the results on a PC.  The complete equipment list 
and specifications are listed in Table 1.    
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Table 1 Equipment list 
Item number 
Shown in 
Figure 17 and 
Figure 18 
Item description Manufacturer Spec range Model/ Part 
Number 
1 Vacuum pump Edwards - RV3/  
A652-01-906 
2 Analog camera Sony - XC-75 
3 Desiccant container - - - 
4 Acrylic box - - - 
5 Electromagnetic 
shaker 
TIRA - TV 52110/ 
S 521-D 
6 Waveform 
generator 
Agilent 15 MHz 3310A 
7 Analog vacuum 
gauge 
Wika 0 to -30 in 
Hg 
- 
8 Camera power 
source 
- - - 
9 Monitor - - - 
10 Shaker table 
amplifier 
TIRA 1-6 A RMS TV 52110/ 
BAA 120 
Not shown Analog to digital 
converter 
- - - 
 
Several acrylic boxes with the ability to withstand reduced pressures were machined from 
¼ inch thick acrylic stock and bonded together with acrylic adhesives.  These containers 
are shown in Figure 19.    
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Figure 19 Acrylic container 
Four different containers were created to run the experiment.  Containers 1 and 2 
are both cubic acrylic boxes.  Container 1 has a 1 x 1 mm grid machined on the inner 
surface of the bottom acrylic plate, while Container 2 has a smooth inner surface.  The 
latter two acrylic boxes are taller with a higher water level to increase the hydraulic head 
and reduce surface interface at the base.  Container 3 incorporates the same base plate 
grid as container 1 and includes a horizontal platform approximately 1 inch from the base 
plate.  Container 4 has a smooth inner surface without a shelf feature.  The container 
dimensions are detailed in Table 2. 
  
  
43 
Table 2 Acrylic container outer dimensions. (Units in inches)  
Container  Dimension A Dimension B Dimension C 
1 1.5 1.5 1.5 
2 1.5 1.5 1.5 
3 1.5 2.5 1.5 
4 1.5 2.5 1.5 
 
3.2 Experimental process 
When container 2 is mounted on the shaker, the aspirator pump is used to reduce 
the pressure of the water (initially only tap water that was run through a reverse osmosis 
machine was used). The shaker is initiated for a range of frequencies ranging from 50 to 
120 Hz at various amplitudes.  After first initiating the aspirator pump, vapor bubbles 
form at the bottom surface of the container, increasing in diameter with increased 
vacuum.  During the degassing process, due to minor leaks in the system, the bubbles 
appear to oscillate volumetrically, but once the shaker table is initiated, these bubbles 
detach from the surface.  After several attempts, the water in the container becomes 
sufficiently de-gassed, and the water needs to be changed to create bubbles for any future 
runs (this problem occurs with all containers).    
Using a ‘smooth’ lower surface makes it more difficult to scale the diameter of 
the bubbles being recorded. Container 1, which uses a 1 mm grid on the bottom surface, 
allows for better observation of the bubble size.  Results from container 1 show that 
bubbles created by the aspirator pump range from approximately 0.1 mm to 3 mm in 
diameter.  However, the same problem persists with this design, once the initial driving 
force of the shaker table initiates, the bubbles detach from the surface and buoyancy 
drives them to the top of the water level.   
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To solve this problem, container 3 incorporates a horizontal shelf approximately 1 
inch above the bottom surface.  This shelf is designed to catch bubbles as buoyancy 
causes them to separate from the bottom surface.  However, the horizontal shelf captures 
a relatively large volume of gas instead of the single bubble that is required.   The shelf 
also vibrates at the driving frequency of the shaker table, generating excess bubbles that 
cloud the view of the experiment.  However, with a taller container, the bubbles are more 
likely to remain attached to the bottom surface once the shaker table is initiated.  
Container 4 eliminates interference from the grid on the bottom surface, while 
maintaining a higher hydraulic head to reduce surface interference at the base of the 
container.   Container 4 also removes the shelf feature in the container to create the 
cleanest image possible.   
The testing fluid is also varied in the experimental process.  Filtered water was 
with varying levels of glycerol content are tested.   The main test results are generated 
using 35 mL of water with 25% glycerol by volume.  Other trials are highlighted in Table 
3. 
Table 3 Fluid content used 
Container # Fluid volume 
(H20 +solute) 
% of dissolved 
solute 
Solute 
4 35 ml 0  
4 35 ml 15% Glycerol 
4 35 ml 25% Glycerol 
4 35 ml 35% Glycerol 
2  3% Xanthan gum 
powder 
 
  
45 
Experimental trials were conducted to determine the most reliable apparatus to generate 
vapor bubbles with volumetric resonance.   The selected configuration used in the results 
trails is container 4, with 35 mL of fluid. 
 Once the most reliable experimental process (outlined in Appendix II) was 
determined, it was used to record the experimental data, listed in Appendix III. 
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Chapter Four:  Experimental Results and Analysis 
4.1 Parametric Studies 
Once the most reliable experimental apparatus was determined, parametric studies 
of the control parameters were conducted to determine the regime where volumetric 
‘breathing motion’ is stable and repeatable. These control parameters include the driving 
frequency of the shaker table, ambient pressure in the container, and the glycerol content 
of the fluid.   
Several experimental difficulties were encountered throughout this process.  
Under certain driving amplitudes and vacuum levels, a rapid onset of hundreds of bubbles 
fills the container, destroying any bubbles undergoing volumetric oscillation.   Bubbles 
are cast downward from the free surface and accumulate in the bottom corner of the 
container, then spread throughout the container.  An example of this phenomenon, which 
for the purposes of this writing will be referred to as “cavitation,” is shown in Figure 20.   
 
  
47 
 
Figure 20:  Bubble breathing and cavitation response at -30.5 in. hg, 60.1 hz driving 
frequency, 0.3mm amplitude, in water w/ 25% glycerol solution.  Scale bar, at T= 
7s, represents 2 mm.    
Figure 20 shows bubbles approximately 0.5 – 1.5 mm in diameter initially 
undergoing volume oscillations.  At time T = 5 s, the system begins to become unstable, 
with cavitation bubbles rapidly nucleating at the corner of the container at T = 6 s and full 
cavitation after T = 7 s.  To characterize the cavitation phenomenon, the pressure and 
oscillation amplitude are tested independently.   
In several experiments, a few of the bubbles in the chamber would undergo 
breathing behavior prior to the onset of cavitation.  Figure 21 shows time-lapse photos 
from a bubble that experienced volumetric oscillation.   
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Figure 21:  Bubble breathing at -29 in Hg, 60.1 Hz driving frequency, 0.55 mm 
amplitude, in water w/ 25% glycerol solution.  Scale bar = 2 mm   
Although the bubble in Figure 21 shows no visible jetting, it becomes highly 
asymmetric as the volume decreases.  The bubble diameter oscillates by 45% between the 
minimum and maximum volume condition.  This compares to approximately 130% 
diametric oscillations in Crum’s 1979 experiment.  The equilibrium bubble diameter of 
Figure 21 is approximately 2.5 mm.     
One instance of repetitive bubble jetting was observed at similar parameters to 
those found in Figure 21.  A time-lapse photo of the jet development is shown in Figure 
22. 
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Figure 22: Bubble jetting at -30.5 in Hg, 60.1 Hz driving frequency, 0.3 mm 
amplitude, in water w/ 25% glycerol solution that was changed and allowed to sit 
for 30 minutes prior to testing.  Scale bar = 2 mm.  
Figure 22 shows a bubble approximately 3.0 mm equilibrium diameter near the forward, 
bottom corner of the container, surrounded by many much smaller bubbles.  The image 
sequence in Figure 22 constitutes roughly one cycle of a bubbles oscillation. Note that 
given our imaging scheme this really means that at least 120 cycles of repetitive re-
entrant jet collapse occurred.   The first image, at T= 0, corresponds to the initial 
expansion phase.  The collapse begins at T= 0.6 s as the bubble maximal radius is 
achieved.  We see the jet beginning to develop at T= 1.2 s as it approaches its minimum 
(lateral) diameter of approximately 2.5 mm.  The fully developed jet, aimed toward the 
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corner of the test chamber, is visible at T= 1.5 s, and remains visible through T = 2.1s.  
This bubble formed differently than many of the others throughout the experimental 
process in that it was first developed by the coalescence of several smaller bubbles in a 
cavitation cloud.  Some of the residual smaller bubbles still surround the bubble as it 
cycles through breathing and jetting   A closer view of the fully developed jet at T = 0.6s 
is shown Figure 23.  
 
 
Figure 23: Zoomed in view of bubble at T= 0.6s from image sequence shown in 
Figure 22.  P0 = -30.5 in Hg, 60.1 Hz driving frequency, 0.3 mm amplitude, water w/ 
25% glycerol solution that was changed and allowed to sit for 30 minutes prior to 
testing.     
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The jet development in Figure 22 and Figure 23, shows the formation of a jet in a 
bubble that is trapped in a corner near 3 solid surfaces.  The images show a 50-degree 
angle between the horizontal bottom surface and the jet with the jet impinging onto the 
edge of the wall-floor interface.  This bubble is shown at the end of this section in the 
parameter space of static pressure and driving amplitude in Figure 26. 
 Another bubble very near the ambient pressure and amplitude parameter space for 
the jet shown above displayed significant breathing oscillations and potentially jet 
development.  This collapse sequence is shown in Figure 24. 
 
Figure 24: Bubble breathing at -30 in Hg, 60.1 Hz driving frequency, 0.32 mm 
amplitude, in water w/ 25% glycerol solution.  
  
52 
This sequence shows a bubble of approximately 3.6 mm equilibrium diameter 
undergoing breathing motion.  At time T=5 s the bubble appears to become asymmetric 
before recovering to maximum size.  A frame by frame assessment between T= 4 s and 
T= 5 s shows asymmetric behavior of bubble near its minimum radius as shown in Figure 
25.  
 
Figure 25:  Asymmetric bubble response between T= 4 and 5 s at -30 in Hg, 60.1 Hz 
driving frequency, 0.32 mm amplitude, in water w/ 25% glycerol solution. 
 
Due to the limited resolution of the frame by frame image, Figure 25 may show a 
partially developed jet, but jetting cannot be definitively determined.   The dimpled upper 
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surface of the bubble suggests that inertial forces are driving the bubble from symmetry, 
which is favorable for the formation of a bubble jet.   
Some additional parameters were tested to help define the best region for 
nucleating the correct number of bubbles, keeping them near a surface, and encouraging 
breathing.  Several tests were run at 0, 15, 25, and 35% glycerol by volume and with 
Xanthan gum added to the solution, the observations are listed in Table 4. 
 
Table 4:  Observations based on varying water- glycerol solution  
Fluid Observations 
100% H20 
Smaller bubbles, less than 1 mm radius were formed.  No signs of 
breathing mode oscillations.  Bubbles very likely to rise from the 
surface after starting the shaker.   
H20 with 15% 
glycerol by vol 
Smaller bubbles formed, but fewer than required for reliable 
observation 
H20 with 25% 
glycerol by vol 
Bubbles undergoing both shape and breathing oscillations, more 
bubbles formed closer together on the bottom surface, and appeared 
longer, reaching further from the bottom surface 
H20 with 35% 
glycerol by vol 
More bubbles than 25% solution formed creating foam-like solution.  
Bubbles were often too close together, and became more elongated 
than spherical.  Unable to develop breathing bubbles.   
H20 with 3% 
Xanthan gum 
by mass 
Solution too opaque for observation 
 
After multiple trials, the 25% glycerol solution was determined to be most reliable for 
generating the right number of bubbles at the proper size and shape to encourage 
breathing. 
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 The final parameter that was varied to little observable effect was the driving 
frequency.  As equation 2.40 shows, the observed image could be sped up or slowed by 
varying the driving frequency away from multiples of the 30 Hz sampling rate.  However, 
outside of this effect, no distinguishable change in the bubbles behavior could be 
observed for small changes in frequency of ±0.5 Hz.  Changes greater than a few Hz 
would eliminate the strobing effect with camera, so the bubbles could not be viewed.  
Higher multiples of 90, 120 or 240 Hz did not show any improvement in the bubble’s 
response, so 60 ± 0.2 Hz was selected for the optimum driving frequency.  Driving the 
system any lower than 40 Hz would generate significant system level vibrations that 
could not be sustained.   
Figure 26 shows the experimental results generated when the oscillation 
amplitude is gradually increased at a fixed frequency for a given ambient pressure until 
the system cavitates.   
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Figure 26:  Experimental results from cavitation testing.  The large yellow circle on 
the graph represents a data point with an observed bubble jet (0.3 mm, -30.5 in Hg, 
Figure 22 and Figure 23). The outline circle (0.33 mm, -30 in Hg, Figure 24 and 
Figure 25) represents a potential jet.  The blue shaded region is an extrapolation of 
the blue diamonds, which represent individual observations of no cavitation. The 
green shaded region is an extrapolation of the green triangles, which represent 
individual observations of breathing or volumetric oscillation of one or more 
bubbles in the field of view. The red shaded region is an extrapolation of the red 
squares, which represent individual observations of cavitation over a significant 
portion of the field of view.  The dash-dot line labeled “vapor pressure (water)” 
represents the vapor pressure of water at sea level at 20 deg. C.  The dashed line the 
static cavitation threshold or the empirically estimated static ambient pressure at 
which cavitation would occur with no driving amplitude. The solid line labeled 
“Cavitation threshold” is an interpolation of the upper bound of the red square 
cavitation observations, and is intended as a guide for the eye.  Finally, the solid line 
labeled “Volume oscillation observed” is an interpolation of the upper bound of the 
green triangle breathing observations, and is intended as a guide for the eye. 
Cavitation-free region 
Cavitation region 
Cavitation threshold 
Volume oscillation 
observed 
Vapor pressure (water)  
Static cavitation 
threshold 
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The dividing lines in Figure 26 are drawn as representations of the observed data 
and are designed as a guide for the eye.  The line towards the top of the graph highlights 
the boundary between which volumetric oscillations were observed.  Above this line, no 
instances of volumetric oscillation (breathing) was observed.  Below the line both 
breathing and non-breathing bubbles were observed.  The lower line, labeled ‘cavitation 
threshold,” represents an interpolation of the data of observed cavitation.  In the region 
with lower pressure and higher amplitude than the line the system would tend to cavitate, 
meaning that a rapid and uncontrolled nucleation of bubbles would occur. 
The experimental data exhibit a cavitation threshold (that is, the threshold for the 
onset of a large number of growing bubbles over a large fraction of the field of view), 
which is a function of both the ambient air pressure about the fluid head and the 
oscillation amplitude.  This suggests that the cavitation threshold is a function of the 
dynamic pressure within the system, as we would expect.  For a higher-ambient pressure 
data point, a higher oscillation amplitude (fluid velocity) is required to drop the system 
pressure low enough during the negative phase of the acoustic pressure to cause 
cavitation.  On the other hand, if the ambient pressure is dropped low enough, the system 
will cavitate without requiring any additional acoustic pressure variation.  We define a 
“static cavitation threshold”, corresponding to the value of the static pressure (measured 
on our gauge) below which cavitation occurs in the absence of acoustic pressure.   This 
static cavitation signifies the existence of pre-existing nuclei, which will be discussed in 
greater detail in the next section.  One additional observation that lends credence to the 
notion of pre-existing nuclei is the settling time of the water in the test chamber. It was 
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observed that newly changed water from the reverse osmosis tank would tend to cavitate 
at higher ambient pressures and lower driving amplitudes.  Therefore, water used in the 
experimental test runs was allowed to sit for least 30 minutes after refill prior to testing. 
One key outcome of this study is the appearance in Figure 26 of a region above 
the cavitation threshold but below the ‘no cavitation’ region where the pressure within 
the system was low enough to isolate volumetric, ‘breathing’ motion (near resonance) for 
a variety of driving pressures.  The maximum static pressure with observable breathing 
was 27.5 in Hg of vacuum at a range of 0.2 mm to 1.2 mm of amplitude.  Just shy of 31 
in Hg, however, breathing was observed with less required driving amplitude, 0.1 mm 
before it reached the cavitation threshold at 0.4 mm.   
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Chapter Five:  Summary and Conclusions 
5.1 Summary and conclusions 
This experiment allowed for a better understanding of the parameter space that 
governs bubble breathing behavior and jet development.  Although, a highly robust, 
repeatable process to create a jet was not obtained, the experiment met its purpose 
statement by identifying a critical region in the parameter space of ambient pressure and 
driving amplitude, where purely volumetric oscillations are most likely to occur.  It 
further identified a sub-region within this space, from 0.5 to 1 in Hg above the static 
cavitation threshold at amplitudes of 0.30 to 0.32 mm where jetting and highly 
asymmetric oscillations were observed, shown in Figure 22 and Figure 24.  Future study 
of this sub-region, possibly with higher resolution video and more accurate and precise 
pressure measurements could further refine these results.  
Although the mechanical pressure gauge had limited precision, the pressure 
parameter space can be examined more closely based on the observed static cavitation 
threshold.   The static mechanical equilibrium of the bubble may be used to bound the 
true static pressure experienced during a bubble’s nucleation with no driving amplitude.   
Equation 5.1 shows the force balance relating the pressure just outside the bubble, Poutside, 
to the forces acting on the bubble.   
𝑃𝑜𝑢𝑡𝑠𝑖𝑑𝑒 = 𝑃𝑔
𝑒 (
𝑅0
𝑅
)
3𝛾
+ 𝑃𝑣 −
2𝑆
𝑅
    5.1 
where  𝑃𝑔
𝑒 =  𝑃∞ +
2𝑆
𝑅0
− 𝑃𝑣 + 𝜌𝑔ℎ                
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Equation 5.1 also shows the impact of the Laplace term,  
2𝑆
𝑅0
, and liquid head ρgh, to the 
pressure inside the bubble.   
In this experiment, in which a vacuum pump was used to drop the ambient 
pressure above a free liquid surface, an absolute minimum ambient pressure, P∞, of zero, 
or total vacuum, could be achieved.  However, dropping below the vapor pressure, causes 
the water to degas and bubbles to nucleate.  This nucleation is stable until a certain 
critical pressure, PϮ, at which the bubbles have nucleated to a critical radius, RϮ, as shown 
in Figure 27. 
 
Figure 27: Plot of the conditions for static equilibrium of cavitation bubble nuclei.  
Pv represents the vapor pressure of water, PϮ represents the critical stability 
pressure at a critical radius, RϮ, for a Blake threshold pressure PB.  Figure partially 
adopted from Eisenberg (1961). 
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This stability threshold is referred to as the Blake threshold pressure (Blake, 
1949).   
 Pb = 𝑃∞ − 𝑃
†         5.2 
Experimentally, this threshold was observed at -31 in Hg gauge pressure, when rapid 
bubble clouds would nucleate in the test chamber with no applied shaker amplitude.  This 
response bounds the static stability limit shown in Figure 26 to an absolute minimum of 
static pressure of P∞=0 to an absolute maximum pressure of P∞ = Pv. The total error in the 
absolute static pressure at this static cavitation threshold is therefore limited by the vapor 
pressure of water, which is approximately 2330 Pa or 0.67 in Hg.      
Equation 5.1 shows that as the controlled static pressure, P∞, was dropped, the 
head pressure and Laplace pressure become more a more significant to the pressure 
inside the bubble, Pg
e
.   This realization lends itself to a modification of Minnaert 
resonance for an adiabatic system.      
𝜔0
2 =
3𝛾𝑃𝑔
𝑒
𝜌𝑅0
2  =
3𝛾(𝑃∞+
2𝑆
𝑅0
−𝑃𝑣+𝜌𝑔ℎ)
𝜌𝑅0
2      5.3 
Since Minnaert resonance is not required to induce breathing and jetting behavior in a 
bubble, it is likely that only partial resonance was achieved.  This also lends credence to 
the possibility that the bubbles were partially attracted to the bottom surface by the 
Bjerknes force because only a sub-resonant bubble would be attracted to the acoustic 
antinode at the solid boundary.  Adding the experimental parameters from the observed 
jet, S= 0.7 N-m, R0= 1.5 mm, γ = 1.33, h = 25.4 mm, ρ= 1000 kg/m3, assuming only 
Laplace and liquid head terms from equation 5.3 yields a minimum bound of the 
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Minnaert frequency of 124 Hz.  Therefore, the jetting bubble was at most slightly less 
than 50% of its resonant frequency.   
The observed dynamics of the bubble may also provide further insight into the 
ambient pressure achieved in the system.  Figure 28 shows a zoomed in view of Figure 
10 with the observed jetting plotted relative to shape modes N= 2,3,4.  A Minnaert 
resonance curve that intersects the radius and driving frequency of the overserved jetting 
in Figure 22 and Figure 23 and one that intersects the minimum shape mode at the same 
condition is included.   Since the system is driven uniformly, an instability coupling to 
shape oscillation modes of 2 to 1 in inherent in equation 2.22.  Therefore, the shape 
oscillations in Figure 28 are reflective of twice the value calculated by equation 2.20 and 
shown in Figure 10.    
 
Figure 28: Resonant radii vs. driving frequency for breathing mode (black) and 
shape modes (red) for an air bubble in water.  Static pressure in in Hg.  The yellow 
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circle denotes the observed jetting, shown in Figure 22 and Figure 23.  The black 
line toward the bottom of the figure indicates the Minnaert resonance curve that 
would intersect the observed jetting.  The ambient pressure of this Minnaert 
frequency is -29.90 in Hg or a static pressure of 0.022 in Hg.  The black line at P0 
=0.33 in Hg is included to represent where the Minnaert and shape resonance 
frequencies would intersect for a bubble with the same radius as the measured jet.   
The shape modes are plotted at 2X the value of equation 2.10 due to the instability 
coupling associated with the driving mechanism. 
 
Figure 28 highlights another potential bound on the measured ambient pressure of 
the system.   Since the bubbles could not have reached their true Minnaert frequency, the 
upper bound on pressure may be the Minnaert resonance that corresponds to the lowest 
N=2 shape mode of the bubble.  Since no shape modes were observed for the jetting 
bubble, it is likely that the pressure was such that the Minnaert resonance occurred at a 
lower frequency that shape resonance for a bubble of the same radius.  This suggests that 
P∞ was less than the pressure associated with this intersection at 0.33 in Hg or 
approximately 1120 Pa.   
In addition to the gas stiffness based Minnaert resonance there is a theoretical 
notion of another resonance valid for vapor mechanics.   Marston (1979) calls it the 
"evaporation condensation" resonance.   If this exists, there is no need for gas restoring 
force, and the bubbles would be much lower resonant frequency than the gas bubble’s 
frequency demonstrated in the Minnaert resonance.     
A dynamic critical cavitation threshold was also identified as a function of 
ambient pressure and driving amplitude that indicates the boundary between a stable 
system and an unstable system.  Experimental observation of this threshold identified 
other key dependent variables that impact a bubble resonance test chamber.  For example, 
the settling time of the liquid was critical to the nucleation of bubbles and to the onset of 
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cavitation.  It was observed that allowing the water to sit in the container for several 
hours reduced the likelihood of bubble nucleation, but it moved the cavitation threshold 
outside of the volumetric resonance region, shown in Figure 26.   This settling 
phenomenon as well as the glycerol-to-water ratio provided insight into the best 
conditions to nucleate bubbles for testing, with 30 minute to 2 hour settling times with 
25% glycerol by volume.  Many of these nuances and experimental difficulties were 
identified and will be addressed in the next section.   
To relate the results of this experiment to past results, a comparison between this 
experiment and Crum’s (1979) experiment are detailed in the table below.   
Table 5: Comparison of key experimental parameters between the experiment and 
details provided by Crum (1979).  
 
Liacos (2017) Crum (1979) 
Pressure 27.5 to 30 in Hg vacuum Near vapor pressure 
Frequency 60.1 – 60.2 Hz. Approximately 60 Hz. 
Amplitude 0.1 to 1.25 mm A few millimeters 
Water 
level 
35ml of water-glycerol 
solution 
Mostly filled 
Container Dimensions given in Table 3 No detail provided. Potentially the same 
container from Crum (1974) which used 
Navy surplus submarine portholes with a 
horizontal shelf 
Bubble 
Diameter  
0.5– 1.5 mm A few millimeters 
Fluid Tap water through reverse 
osmosis tank with 25% 
glycerol by volume 
25% glycerol by volume in water  
(“increases stability of bubbles, retarding 
surface oscillations”) 
Imagining Analog camera (30 Hz) 
sampling 
3 options 
• Illuminated Stroboscopically freq near 
pulsation freq.  (0.8 µs flash).  Ordinary 
camera synced w/strobe 
•  Optically freeze with strobe (take 
single photos) 
• High speed camera (5000 frames/sec) 
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Liquid 
settling 
time 
30 minutes to 3 hours Unknown  
Bubble 
nucleation 
process 
Heterogeneous nucleation of 
mostly vapor bubble on 
bottom surface due to 
decreased ambient pressure or 
‘catching’ a bubble with 
Bjeknes force 
“…with some practice, it is possible to 
position a single bubble at a fixed location 
on the platform…”  
 
The brevity of Crum’s paper, left many open questions when attempting to 
recreate the results.  However, the key differentiator between the two systems may be the 
size of the container used.  Since Crum provided little detail regarding the test chamber, it 
is likely that his container allowed for a higher water level, and therefore, greater inertia 
on the collapsing face of the bubble, which allowed for more repeatable jet creation.  
Crum’s method of creating and positioning the bubble is unknown.  Nucleating and 
positioning the bubble, along with keeping the bubble near the desired solid boundary 
was the most challenging part of the experiment. 
 
5.2 Recommendations for future experiments 
 The section will address recommendations to aid the next experimenter 
attempting to create a reciprocating jetting bubble.  The experimental setup described in 
Chapter 3, provided many inherent difficulties in generating a bubble, maintaining its 
location near a surface in view of the camera, and preventing the development of a 
cavitation cloud.   
 Creating a majority vapor bubble in the test liquid was a significant challenge.  
This experiment relied solely on the heterogeneous nucleation of bubbles as the pressure 
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was decreased with the vacuum pump.  As mentioned in the results, this process was 
highly random, in terms of the number of bubbles (if any) that would nucleate and their 
location within the container.   The key parameters that impacted nucleation were, in 
decreasing order of observed significance, the vacuum level applied, the ‘freshness’ of 
the water-glycerol solution (i.e. how long it had been sitting in the container), and the 
cleanliness of the water and container.    
 A recently mixed solution contained more trapped gases, allowing for easier 
nucleation of bubbles.  This effect was similarly demonstrated by Eisenberg (1961) in a 
demonstration of cavitating flow.  In his experiment, a hydraulic head was used to 
generate a cavitating flow about a hydrofoil.  He observed that water at rest for a period 
required a larger hydraulic head to initiate cavitation.  Similarly, for this experiment, 
water that had been in the container for a period longer than a few hours would require a 
greater vacuum to nucleate.  Newly changed water on the other hand, was far more likely 
to nucleate a bubble, but it would also reach its cavitation point sooner than quiescent 
water.  This suggests a potential third axis to Figure 26 that represents the resting time of 
the liquid.   
Later in the experimental process it was noted that if no bubbles could be 
generated, eliminating the airtight seal on the container through the quick release valve, 
and vigorously shaking the water/air mixture in the container could help nucleation on 
the next experimental attempt.  Obviously, this was not the most reliable solution, so a 
rigorous water refreshing procedure was adopted.  In addition to nucleating bubbles on 
the bottom surface, the system was occasionally able to ‘catch’ a bubble.  In a few trials 
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the container could trap a bubble generated by the Faraday wave disturbance at the free 
surface with either Bjerknes or Bernoulli forces at the lower boundary as the bubble 
drifted toward the bottom.  Finally, the number of small particulates in the water also 
correlated with increased nucleation.  However, any debris in the water would reduce 
visibility and some larger particulates could interfere with the bubble’s volumetric 
motion.   
To reduce the randomness of a bubble nucleating the next experimenter may seek 
to implement nucleation control.  This could be accomplished by creating a nucleation 
site toward the bottom of the container.  The system could then use thoroughly filtered 
water on a highly cleaned and polished inner surface of the test chamber.  A small 
etching in the desired location may act to serve a heterogeneous nucleation site.  Going a 
step further, the next experiment could instead add a local boiler on the bottom surface.  
The heat addition could vaporize a small cavity within the test chamber at a designated 
location.  In this configuration, a degassed liquid-glycerol solution, highly filtered to 
eliminate containments, could be used to ensure that only one bubble can be consistently 
generated in a fixed location.   
 One potential method to make jetting more repeatable is to increase the inertia on 
the top surface of the bubble by increasing the inner vertical dimensions of the container, 
allowing for more liquid above the bubble. The higher pressure head would act on the 
bubble during its collapse with a larger mass of water moving radially with the system.  
A taller container would also reduce the influence of Faraday waves and other 
interference from the free surface that could frequency influence the dynamics near the 
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bottom of the container.  With the configuration in this experiment, at sufficient driving 
amplitude, bubbles from the free surface would be thrown toward the oscillating bubbles.  
These bubbles would frequently collect at the corners of the container before the liquid 
would breakdown into a cavitating bubble cloud, like the effect shown in Figure 26.  One 
consideration is that the taller container will be limited by an upper bound where the 
pressure head restricts bubble growth.   
 Keeping the bubble near the bottom surface also proved to be extremely difficult.  
Most often, a bubble nucleated on the bottom surface would overcome the surface tension 
force holding it in place when the magnetic shaker was turned on.  The initial pressure 
force from the shaker was sufficient to cause it to detach and float to the free surface 
before breaking up.  Although this could be mitigated by initiating oscillations at very 
low amplitude and gradually increasing the amplitude, many (if not all) bubbles would 
detach from the surface.  Occasionally, one would remain in contact with the wall, begin 
to oscillate, detach from the wall, and buoyancy would be countered by either the 
Bjerknes or Bernoulli force.   To mitigate this issue, a shelf could be created in the 
container.  A bubble could then become detached from the bottom surface, rise due to 
buoyancy but be trapped under the shelf.  This shelf concept was attempted with 
container 3, but the number of bubbles in the water was large enough that several would 
combine under the surface, creating a large vapor pocket.  Since the shelf in container 3 
was cantilevered from the side wall of the container, it also vibrated at its own resonant 
frequency, which often induced cavitation.  A different shelf design coupled with 
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degassed and highly filtered water and a method to either boil or inject the bubble, may 
ensure that only one bubble remains trapped under the shelf.    
A drastic change to the system configuration could remove the influence of the 
free surface and pressure forces on the bubble entirely.  This configuration would use a 
test chamber completely filled with water, and instead of driving the entire test chamber, 
the shaker would be used to drive a hydraulic piston that would generate a time-varying 
pressure in the system.  In this configuration, the difficulties of keeping the bubble in 
place would be reduced since they would experience a pure pressure oscillation in a 
stationary container.  It would also allow for expansion into the parameter space of pure 
tensile loading on the liquid, which may allow for more reliable nucleation.   
Some additional challenges in the experiment revolved around imaging the bubble 
with the analog camera.  Although most bubbles formed at the bottom surface, the width 
of the box, corresponding to the depth of view from the camera, was large.  This made it 
difficult to position the camera with adequate zoom and focus to get a clear image of the 
bubble.  A narrower container would reduce the optical adjustment required to view the 
event.     
 Additionally, a higher resolution digital camera with a sampling rate capable of 
the strobing effect would also improve the image quality.  Better care also could be taken 
in ensuring the image is more aptly lit rather than the single light source that was used.  
Adding a strobe light would also allow for further adjustment of the image without 
modifying the driving frequency of the shaker.  Finally, although simple imaging is a key 
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purpose of the experiment, a high-speed camera could be used to aid in the development 
of a repeatable jetting process.    
Developing an air tight system was also a key area of experimental difficulty.  
Since the containers were machined from acrylic sheet stock, and assembled by hand 
using acrylic weld, many of the preliminary test chambers were not air tight.  For an 
acrylic assembly, strict care must be taken to the edge tolerances of the acrylic blocks 
prior to assembly, and adequate time must be allowed for the welds to cure.  Also, proper 
cleaning and polishing of the inner surfaces is essential prior to assembly.  A quick 
release valve at the top of the chamber was beneficial for connecting the vacuum hose, 
but made changing the liquid solution difficult.  Any removal of the quick release would 
allow for contaminants to enter the camber and wear the thread in the acrylic, often 
resulting in leaks.   A test chamber that utilizes a more durable frame with acrylic 
windows, could also incorporate a gasket interface with threaded screws that allow for 
easy removal of the top surface for cleaning.    
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APPENDIX 
Appendix I:  Initial experimental setup 
The first cubic (1 x 1 x 1) inch (inner dimensions) container capable of 
withstanding sufficient vacuum would produce ~1 mm diameter bubbles when vacuum 
levels of approximately -30 in Hg produced by a Cole-Parmer Model 7049-00 aspirator 
pump.   To further reduce the air pressure above the surface of the fluid, the experimental 
setup was converted to that shown in the table below, where the Edwards vacuum pump 
is capable of reducing the system pressures far below the vapor pressure of the water.  
  
71 
 
Initial experimental setup 
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Acrylic Boxes 
Container 1 Container 2 Container 3 
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Reduced pressure experimental setup 
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Appendix II:  Experimental data 
1. Solution preparation 
a. Mix 25% glycerol – water solution, by pouring water from the reverse 
osmosis into a graduated cylinder. 
b. Stir in glycerol (100% solution) until 25% glycerol by volume solution is 
achieved. 
c. Remove quick release valve from top of container using adjustable wrench 
d. Thoroughly rinse out the test chamber with water from the reverse 
osmosis tank, then rinse again with the water- glycerol solution 
e. Extract 35 ml of the Glycerol-water solution using a syringe, attach a 200 
micron filter to the end of the syringe and inject the fluid into the test 
chamber 
f. Clean off old pipe (PTFE) tape from quick release valve and add at least 3 
full wraps of new tape, then re-apply to quick release.   
g. Reinstall quick release to container using adjustable wrench 
h. Allow solution to sit for 30 minutes prior to testing. 
2. System initiation 
a. Turn on optical system:  camera power, PC, viewing monitor, light 
b. Open recording software on PC from A/D convertor 
c. Turn on waveform generator.  Ensure frequency and amplitude setting are 
correct.  Ensure ‘Trigger’ switch is turned off 
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d. Turn on shaker table power amplifier. Move Current Limit knob to 0 to 
reset then up to full power.   
e. Attach male end of quick release tube from the vacuum circuit to the test 
chamber 
3. Shaker testing 
a. Focus camera on bottom surface of container using lens and height/ 
positioning adjustments 
b. Select “record” on video recording software 
c. Set driving amplitude on waveform generator to 10 mV peak to peak 
d. Turn on vacuum pump and view vacuum gauge until desired vacuum level 
is achieved then turn off vacuum pump. 
e. Record vacuum level and monitor gauge for any sign of leaks 
f. Focus camera on bubbles that nucleated during the vacuum process 
g. Hit “Trigger” button on waveform generator to initiate shaking 
h. Adjust camera to focus on bubbles as necessary.   
i. Increase shaker amplitude by 10 mV peak to peak and wait for at least 10 
seconds for system stabilize 
j. Gradually increase amplitude in increments of 10 mV peak to peak until 
breathing or cavitation is observed.  (Larger movements of driving 
amplitude may be used to create or position bubbles within the system.  
For example, a quick movement from high amplitude to low amplitude 
may generate cavitation and trap some bubbles near the bottom surface) 
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k. If breathing is observed, continuing increasing amplitude until jetting or 
cavitation occurs.  
 
4. Concluding testing 
a. Stop data recording on P.C. 
b. Turn off ‘Trigger’ switch on waveform generator 
c. Detach quick connect at top of container, and attach open quick connect to 
re-pressurize the test chamber 
d. Record overserved results 
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Appendix III:  Experimental data 
Date Freq 
(Hz.) 
Amplitude 
(mVPP) 
P Vac 
inHG 
Bubble 
diameter 
(mm) 
Glycerol 
% 
Video Amplitude 
(mm) 
Cavi-
tation 
Breathing Comments/ 
Observations 
17-
Feb 
60.2 50 -25 0.5 25 N 0.5 N N 2 in container 
w/ no shelf 
used.  25 ml 
water 25% 
glycerol by 
vol.  Tira amp 
set at max 
gain. No 
Breathing 
17-
Feb 
60.2 100 -25 0.5 25 N 1 N N No Breathing- 
bubble and 
cavitation 
increases 
17-
Feb 
60.2 50 -29 0.5 25 N 0.5 N N No breathing 
7-Apr 60.1 33 -29 1.5 25 Y #2 0.33 n Y Bubbles on 
side of 
container 
breathing 
7-Apr 60.1 32 -30 1 25 Y #3 0.32 n Y Breathing 
7-Apr 60.1 80 -26.5 0.2 25 N 0.8 n N bubbles too 
small 
7-Apr 60.1 10 -29.4 
 
25 N 0.1 n NA   
7-Apr 60.1 20 -29.4 
 
25 N 0.2 n NA   
7-Apr 60.1 30 -29.4 
 
25 N 0.3 n NA   
7-Apr 60.1 40 -29.4 
 
25 N 0.4 n NA   
7-Apr 60.1 50 -29.4 
 
25 N 0.5 n NA   
7-Apr 60.1 60 -29.4 
 
25 N 0.6 n NA   
7-Apr 60.1 20 -29.4 
 
25 N 0.2 N NA   
7-Apr 60.1 30 -29.4 
 
25 N 0.3 N NA   
7-Apr 60.1 40 -29.4 
 
25 N 0.4 N NA   
7-Apr 60.1 50 -29.4 
 
25 N 0.5 N NA   
7-Apr 60.1 60 -29.4 
 
25 N 0.6 N NA   
7-Apr 60.1 10 -29.4 
 
25 N 0.1 N NA   
7-Apr 60.1 20 -29.4 
 
25 N 0.2 N NA   
7-Apr 60.1 30 -29.4 
 
25 N 0.3 N NA   
7-Apr 60.1 40 -29.4 
 
25 N 0.4 N NA   
7-Apr 60.1 50 -29.4 
 
25 N 0.5 N NA   
7-Apr 60.1 60 -29.4 
 
25 N 0.6 N NA   
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7-Apr 60.1 10 -29.4 
 
25 N 0.1 N NA   
7-Apr 60.1 20 -29.4 
 
25 N 0.2 N NA   
7-Apr 60.1 30 -29.4 
 
25 N 0.3 N NA   
7-Apr 60.1 40 -29.4 
 
25 N 0.4 N NA   
7-Apr 60.1 50 -29.4 
 
25 N 0.5 N NA   
7-Apr 60.1 60 -29.4 
 
25 N 0.6 N NA   
4/7 60.1 10 -30.5 
 
25 Y#4 0.1 N Y  (water 
changed 
allowed to sit 
for 30 Min) 
7-Apr 60.1 20 -30.5 
 
25 Y#4 0.2 N Y   
7-Apr 60.1 30 -30.5 
 
25 Y#4 0.3 N Y  Jetting 
overserved at 
end of video 
7-Apr 60.1 10 -30.5 
 
25 
 
0.1 N N   
7-Apr 60.1 20 -30.5 
 
25 
 
0.2 N N   
7-Apr 60.1 30 -30.5 
 
25 
 
0.3 N N   
7-Apr 60.1 50 -30.5 
 
25 
 
0.5 N N   
7-Apr 60.1 44 -30.5 
 
25 N 0.44 N Y   
7-Apr 60.1 50 -25.2 
 
25 
 
0.5 N N No bubbles  
7-Apr 60.1 70 -25.2 
 
25 
 
0.7 N N No bubbles  
7-Apr 60.1 90 -25.2 
 
25 
 
0.9 N N No bubbles  
7-Apr 60.1 110 -25.2 
 
25 
 
1.1 N N   
7-Apr 60.1 130 -25.2 
 
25 
 
1.3 N N   
7-Apr 60.1 150 -25.2 
 
25 
 
1.5 N N No bubbles 
form at 
bottom or 
sides.  No 
"cavitation", 
bubbles from 
free surface 
flowing down 
obstructing 
view 
7-Apr 60.1 20 -28.25 0.1 25 N 0.2 N Y small bubbles 
but still some 
breathing  
7-Apr 60.1 30 -28.25 0.1 25 N 0.3 N Y   
7-Apr 60.1 40 -28.25 0.1 25 N 0.4 N Y more bubbles 
form with 
increased 
amplitude 
7-Apr 60.1 50 -28.25 0.1 25 N 0.5 N Y   
7-Apr 60.1 60 -28.25 0.1 25 N 0.6 N Y   
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7-Apr 60.1 70 -28.25 0.1 25 N 0.7 N Y   
7-Apr 60.1 80 -28.25 0.1 25 N 0.8 N Y   
7-Apr 60.1 90 -28.25 0.1 25 N 0.9 N Y   
7-Apr 60.1 100 -28.25 0.1 25 N 1 N Y   
7-Apr 60.1 110 -28.25 0.1 25 N 1.1 N Y   
7-Apr 60.1 15 -30 0.1 25 N 0.15 N N few/ smaller 
bubbles after 
running for a 
few minutes 
7-Apr 60.1 25 -30 0.1 25 N 0.25 N Y Best breathing 
so far - if I 
disturb the 
table 
cavitation 
forms 
11-
Apr 
60.1 40 -29 0.1 25 N 0.4 N NA Added ~35 ml 
of water 
11-
Apr 
60.1 60 -29 
 
25 Y #1 0.6 N Y   
11-
Apr 
60.1 80 -29 
 
25 Y #1 0.8 N Y   
11-
Apr 
60.1 100 -29 
 
25 Y #1 1 N Y   
11-
Apr 
60.1 120 -29 
 
25 Y #1 1.2 N NA In order to 
capture 
bubbles at the 
bottom 
increase 
amplitude to 
bring them 
down from 
the top, then 
decrease when 
they are at the 
bottom 
"trapping 
them there" 
11-
Apr 
60.2 10 -29 
 
35 N 0.1 N N After waiting 
5 minutes the 
water went 
the full range 
to 85 MVPP 
without 
cavitating 
11-
Apr 
60.2 20 -29 
 
35 N 0.2 N N Bubbles 
didn’t breath- 
looked like 
surface 
oscillations 
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11-
Apr 
60.2 30 -29 
 
35 N 0.3 N N   
11-
Apr 
60.2 40 -29 
 
35 N 0.4 N N   
11-
Apr 
60.2 50 -29 
 
35 N 0.5 N N   
11-
Apr 
60.2 60 -29 
 
35 N 0.6 N N   
11-
Apr 
60.2 70 -29 
 
35 N 0.7 N N   
11-
Apr 
60.2 80 -29 
 
35 N 0.8 N N   
11-
Apr 
60.2 10 -30 
 
35 N 0.1 N N   
11-
Apr 
60.2 15 -30 
 
35 N 0.15 N N   
11-
Apr 
60.2 20 -30 
 
35 N 0.2 N N   
11-
Apr 
60.2 25 -30 
 
35 N 0.25 N N   
11-
Apr 
60.2 30 -30 
 
35 N 0.3 N N   
14-
Oct 
60.01
-60.2 
55 -29 
 
25 Y 0.55 N Y Best Video, 
breathing/ 
asymmetric 
deformation 
17-
Feb 
60.2 150 -25 0.5 25 N 1.5 Y N Cavitation at 
bottom edges 
of container 
17-
Feb 
60.2 200 -25 0.5 25 N 2 Y N Full 
Cavitation 
17-
Feb 
60.2 100 -29 0.5 25 N 1 Y N   
17-
Feb 
60.2 150 -29 0.5 25 N 1.5 Y N   
17-
Feb 
60.2 200 -29 0.5 25 N 2 Y N   
17-
Feb 
60.2 250 -29 0.5 25 N 2.5 Y N   
17-
Feb 
 
300 -29 0.5 25 N 3 Y N   
17-
Feb 
60.2 350 -29 0.5 25 N 3.5 Y N   
17-
Feb 
60.2 400 -29 0.5 25 N 4 Y N Cavitating too 
high to see 
bubbles 
28-
Mar 
60.02 100 -28.8 
 
25 N 1 Y N Cavitation 
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28-
Mar 
60.02 400 -29 
 
25 N 4 Y N   
28-
Mar 
60.02 250 -24.5 
 
25 Y #1 2.5 Y N Cavitation 
28-
Mar 
60.1 300 -24.5 
 
25 N 3 Y N Bubbles start 
at free surface 
and travel 
downward, 
becoming 
trapped at the 
corners 
7-Apr 60.1 22 -30 
 
25 Y #1 0.22 Y N vapor bubbles 
rapidly 
generating at 
surfaces note 
that the shaker 
must be 
oscillating for 
the bubbles to 
generate 
7-Apr 60.1 72 -29.4 
 
25 N 0.72 y NA slowly 
increased 
from 10 - 72 
mvpp until 
cavitation 
7-Apr 60.1 10 -30 
 
25 N 0.1 Y NA Water 
cavitated 
7-Apr 60.1 67 -29.4 
 
25 N 0.67 Y NA   
7-Apr 60.1 65 -29.4 
 
25 N 0.65 Y NA   
7-Apr 60.1 67 -29.4 
 
25 N 0.67 Y NA   
7-Apr 60.1 36 -30.5 
 
25 Y#5 0.36 Y N Cavitation 
onset at 
corners 
7-Apr 60.1 41 -30.5 
 
25 
 
0.41 Y N   
7-Apr 60.1 66 -30.5 
 
25 
 
0.66 Y N bubbles from 
free surface 
impacts 
bottom corner 
become stuck  
7-Apr 60.1 63 -30.5 
 
25 
 
0.63 Y N   
7-Apr 60.1 120 -28.25 0.1 25 N 1.2 Y N   
11-
Apr 
60.1 126 -29 
 
25 Y #1 1.26 Y NA After resting 
~ 3 days water 
took longer to 
cavitate.  
Water Level 
significantly 
depleted over 
the run 
  
83 
 
60.2 18 -29 0.5 35 N 0.18 Y N ~28 ml of 
water 
changed. 
almost instant 
cavitation 
when turned 
on  
60.2 85 -29 
 
35 N 0.85 Y N Top of 
container had 
"foam" with 
increased 
glycerol  
60.2 37 -30 
 
35 N 0.37 Y N   
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